
 

 

Introduction 
 
Alzheimer’s disease (AD) is the most common 
neurodegenerative disorder of the elderly and is 
characterized by clinical symptoms of cognitive 
impairment and memory loss leading eventually 
to dementia [1]. Age is the major risk factor. The 
hallmark pathologic characteristics of AD are 
amyloid deposition, progressive neuronal loss 
and neurofibrillary tangles (NFTs) composed of 
tau protein [2, 3], ultrastructurally composed of 
paired helical filaments (PHFs) [4]. PHFs are 
resistant to protease digestion [2, 4], but are 
partially soluble in detergents, such as sodium 
dodecyl sulfate (SDS) [5] and 1% sarkosyl [6]. 
Both NFTs and PHFs are composed of the 
microtubule (MT)-associated protein tau, which 
is normally a soluble, unfolded cytosolic protein 
[7]. Tau promotes assembly and stabilizes MT 

[8] for diverse homeostatic neuronal functions, 
such as the axoplasmic transport of organelles 
and proteins [9, 10]. Specific forms of tau are 
associated with nuclear double-stranded DNA 
and may play a role in gene regulation [11].   
 
Newly synthesized tau may occasionally escape 
quality control mechanisms of the endoplasmic 
reticulum (ER) and become misfolded.  Both 
ribosomal-defective tau and tau targeted for 
turnover are subject to immediate degradation. 
The exact mechanisms of tau degradation in the 
human brain are unknown, but have been dem-
onstrated in vitro using the 20S proteasome 
core [12] and non-proteasomal proteases 
(proteases), such as cathepsin-D [13], caspases 
[14] and calpain 1 [15].   
 
The proteasome system is expressed in normal 
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brains, but protease functional impairment ac-
companies aging and neurodegenerative dis-
ease [16]. In the absence of proteasome, non-
proteasomal proteases degrade tau primarily at 
the carboxyl-terminus because the amino-
terminus of tau has a functional, specifically 
configured projection domain.   
 
The proteasome, a compartmentalized multi-
catalytic complex (see reviews [17-19]), con-
sists of a 20S proteasome core (20S core), as 
well as 11S and 19S proteasome regulatory 
components. The core is a hollow cylinder con-
sisting of four stacked rings, which maintain the 
unfolded structure of the substrate and degrade 
the proteins completely. The β5chymotrypsin-
like (chymotrypsin), β2trypsin-like (trypsin) and 
β1caspase-like proteases, as well as four inac-
tive subunits form the β-ring. The β-subunits 
interact diagonally and overlap [17, 18] with 
their counterparts [20-23] to cleave various 
peptide bonds [21-25] for allosteric proteolysis 
[26]. In addition, the β-proteases must integrate 

an α-ring template to form a core for most effec-
tive substrate degradation [22]. The protea-
some degrades recombinant-tau by repeated 
removal of short portions from both the N- and 
C-termini towards the middle of the protein [12]. 
 
The 20S core can interact with two to one 19S 
proteasome activator (PA) 700 particles and/or 
11S PA28 particles to form the 30S, 26S hybrid 
and 20S proteasomes (Figure 1). Regulatory 
particle (RP) ATPases 1-6 (Rpt1-6) in 19S 
PA700 have chaperone-like activity. RP non-
ATPase protein 10 (Rpn10) upon binding to 
ubiquitinated chains repairs damaged proteins 
ready for unfolding by Rpt1-6 [19]. Rpt1-6, 
Rpn10 and Rpn2 collectively facilitate the entry 
of substrate via the proteasome orifice of the α-
subunits to enzyme cavity formed by the two β-
rings [27]. 
 
Tau aggregates are found more often in aged 
than in young brains, which suggests that in-
complete degradation of tau contributes to the 
pathogenesis of AD. The approximate five-day 
half-life of tau protein [28] and the effective 
degradation of purified 20S core on recombi-
nant (r)-tau [12] prompted this study. Cytosolic 
tau, proteasome subunits and 20S β-proteases 
were enriched in human brain samples by size-
exclusion chromatography and their levels ana-
lyzed with immunoblots. Levels of total tau and 
20S β-subunits as well as 70-kDa tau and 11S 
β-subunits were measured. Inability to detect 
tau on immunoblots was used as the index of 
complete tau degradation.  Simultaneous meas-
urement of 20S α-ring components was used to 
determinate whether the 20S β-proteases were 
integrated successfully into the proteasome.   
 
Materials and methods 
 
Case material 
 
Temporal cortex tissue was obtained from 16 
cases from the brain bank at Mayo Clinic Jack-
sonville, Florida including some patients who 
had been followed longitudinally in the Mayo 
Clinic Alzheimer Disease Research Center (NIH 
P50-AG16574). The cases included four non-AD 
controls and six cases of early AD and six cases 
of advanced AD. 
 
Size exclusion chromatography of cytosolic pro-
teins 
 
One gram of gray matter from temporal cortex, a 

Figure 1. The proteasome system.The proteasome 
consists of 20S proteasome core, 19S proteasome 
and 11S proteasome [44]. 20S core conjugated at 
both ends by two 19S proteasomes or 11S protea-
somes to form 30S proteasom for degradation of tau 
to tau-peptides and 20S proteasome for digestion of 
tau-peptides to amino acids, respectively. 26S hybrid 
proteasome, 19S-20S core-11S, digests tau to anti-
gen peptides and amino acids directly.  
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cortical region vulnerable to tau pathology in 
aging and AD, was dissected and homogenized 
(1:5, w/v) in a proteolysis buffer composed of 
50 mM HEPES at pH 7.5, with 5 mM MgCl2, 20% 
glycerol, 10 µg/ml protease inhibitor cocktail 
(PIC) for mammalian cell extracts (P8340, 
Sigma Chemical, St. Louis, MO) and phos-
phatase inhibitor cocktail (PPIC) (containing 5 
mM sodium pyrophosphate; 30 mM of both so-
dium fluoride and β-glycerophosphate). The ho-
mogenates were centrifuged at 30,000 x g for 
one hour at 4°C to produce a supernatant that 
was processed as follows. 
 
A Superose 6 (Amersham Biosciences) column 
(inner diameter 1.5 cm x 42 cm) was packed 
and equilibrated with two column volumes of 
elution medium that was composed of 20 mM 
HEPES at pH 7.5, with 1 mM each of EGTA and 
EDTA, 5 mM DTT, 10% glycerol, PIC and PPIC. In 
addition, a high molecular weight calibration kit 
(Amersham Biosciences), highly purified human 
PHF preparations (provided by Dr. Peter Davies, 
Albert Einstein College of Medicine) and full-
length recombinant tau were used to calibrate 
each protein’s Stokes radius (Rs) and MW val-
ues in the fraction. The total volume of 30,000 x 
g supernatant from each case was loaded on 
the pre-equilibrated size-exclusion chromatogra-
phy (SEC) at room temperature (RT) and pro-
teins resolved in 0.9 ml fractions were collected 
and stored at -20°C until used. 
 
Measurement of cytosolic tau and proteasome 
20S α- and β-subunits 
 
Levels of tau, 20S α-subunits and β-subunits, 
and 11S α-subunits and β-subunits in all frac-
tions were analyzed by 10% SDS-PAGE WB and 
found in fraction (F) F28-F75.  Eighteen microli-
ters of eluate were loaded per lane.  To assure 
absence of tau and proteasome subunits in 
cases with no detectable (ND) tau or protea-
some subunits, more eluate was loaded and the 
blots were over-exposed on x-ray film. A ladder 
of MW markers (Bio Rad, Hercules, CA) and six r
-tau isoforms of 47-68-kDa [15] were added in 
each blot as calibration standards and positive 
controls. In addition, a 100,000 x g supernatant 
purified from frontal cortex of a case of AD with 
severe neurofibrillary degeneration was used as 
a control for normalizing protein levels. This 
preparation had the typical 3-bands of abnor-
mal hyperphosphorylated tau in AD migrating at 
about 55-, 64- and 68-kDA. Amino-terminus, 
two mid-sections, and carboxyl-terminus of tau 

were detected on blots with antibody E1 (aa 19-
33) [29], P44 (aa 162-178) and P46 (aa 350-
370) [30-32] and Tau46 (aa 404-441) [33]. 
These antibodies were diluted as follows: E1 at 
1:2,000, P44 at 1:1,500, P46 at 1:1,000, and 
Tau46 at 1:20,000 to produce identical blot 
intensities using r-tau as a standard. 
 
Immunoblotting with P-tau antibodies, including 
AT270 (aa 181), AT180 (aa 231) and AT8 (aa 
202/205) from Innogenetics, Gent, Belgium, 
and CP13 (aa 202), PG5 (aa 422) and PHF1 (aa 
396/404) from Peter Davies, Albert Einstein 
College of Medicine, was examined. The mono-
clonal antibody PHF1 yielded the broadest P-tau 
blots and the strongest intensity of the antibod-
ies tested. Thus, PHF1 diluted at 1:2,000 was 
used to detect P-tau. 
 
20S α-subunits and β-subunits were blotted 
using monoclonal IgG1 antibody Clones P32 
and P27 [34] (Research Diagnostics, Flanders, 
NJ). 11Sα-subunits and β-subunits were probed 
by polyclonal antibody PA28α and PA28β, re-
spectively [35]. Blots of 19S Rpt1-6 were per-
formed using monoclonal antibodies to Rpt1, 
Rpt4 and Rpt5, and polyclonal antibodies to 
Rpt2, Rpt3 and Rpt6 (Biomol International, Ply-
mouth Meeting, PA). 
 
Photoimages were generated using ECL+ sys-
tem (GE Healthcare) and analyzed by densi-
tometry in the MCID system (Image Research, 
ON, Canada). Background deduction remained 
constant throughout the experiments. The 70-
kDa tau was defined as tau immunoreactive 
species migrating on the blot above the largest 
4R-2N recombinant-tau (68‑kDa). Levels of the 
proteins were the sum of positive fractions. The 
total tau was the sum of immunoreactivity of all 
tau species in the blot.  
 
Measurement of 20S β-protease activity 
 
Levels of three 20S β-proteases in each case 
were analyzed by fluorescence substrate assay 
[36]. The specific substrates were Succinyl-LL-
VT-AMC, Boc-AA-AMC and Z-LL-E-βNA for chy-
motrypsin, trypsin and caspase activity, respec-
tively. The same substrate was used to measure 
the β-protease activity in 20S core and 19S-
activated 20S core. The specific proteasome 
inhibitors MG132 and lactacystin (Biomol Inter-
national, Plymouth Meeting, PA) were also in-
cluded in the duplicates to differentiate the 
level of proteasome from non-proteasome activ-
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ity. At the beginning, effective concentrations of 
peptide substrates and specific inhibitors on the 
respective enzyme assays were tested. Using 
100 μM of substrate or 100 μM of a specific 
inhibitor was found to produce the maximal fluo-
rescence products and the complete inhibition 
of the substrate degradation, respectively. 
Hence, both classes of chemicals at 100 μM 
were used and prepared in DMSO for a final 
medium concentration at less than 1%. 
 
Duplicates of 100 μl of eluate from F28-75 
were prepared in a 96-well fluorescence plate 
(Corsar, Corning Inc, Corning, NY) with minimal 
background interference. The samples with ve-
hicle or specific inhibitor were incubated at 37°
C for 15 min with slow vortexing.  After the addi-
tion of fluorescence substrates, the plate re-
ceived the same treatment for one hour.  In the 
end, an equal volume of 2% SDS in 20 mM 
HEPES at pH 7.5 was added to terminate the 
enzyme activity and to preserve the fluorescent 
products. Both excitation/emission signals for 
both chymotrypsin and trypsin activity were read 
at 380/460 nm and caspase activity at 
335/410 nm in a Spectra Max Gemini XS spec-
trophotometer (Molecular Devices, Sunnyvale, 
CA). The net 20S β-protease activity was the 
difference between the control where only vehi-
cle was added and treatment with the specific 
20S inhibitor. Each index level of each β-
protease was the sum of positive fractions that 
fluctuated greatly. The total index level of 20S β-

proteases was the sum of chymotrypsin, trypsin 
and caspase activity. 
 
Case 1, a middle aged adult with short post-
mortem interval and no neurofibrillary pathol-
ogy, had a normal proteasome expression pro-
file with antibodies to the various proteasome 
subunits. To compare protease levels between 
the 16 cases, all values were divided by the 
levels in Case 1 and expressed as a ratio. 
 
Statistical analysis 
 
Non-parametric Kendall’s rank correlation, 
analysis of variance and regression correlation 
were performed (StatsDirect, Altrincham, Chesh-
ire, UK), and P<0.05 was considered significant. 
 
Results 
 
The sixteen cases used in this study included 
controls with no amyloid plaques or neurofibril-
lary pathology based upon thioflavin S fluores-
cent microscopy (Case 1), controls that had a 
range of low density neurofibrillary pathology, 
some with diffuse amyloid plaques (Cases 2-4) 
as well as cases with a range of neurofibrillary 
pathology, including cases with moderate to 
advanced neurofibrillary pathology with amyloid 
and neuritic type cortical plaques. For the sake 
of this study, the latter are classified as “early 
AD” (Cases 5‑10) and “AD” (Cases 11-16). The 
demographics of the case material are summa-

Table 1. Summary of case material 

Class Case # Age Sex PMI Braak 
NFT stage Other pathology 

non-AD 

1 64 M NA 0 Corticospinal tract degeneration 
2 46 F NA 0 Upper and lower motor neuron degeneration 
3 80 F 11 III Grains & cerebrovascular lesions 
4 95 F 13 III Diffuse plaques & brainstem Lewy bodies 

Early AD 

5 95 F 25 II None 
6 87 F 5 I-II Cerebrovascular lesions 
7 85 F 7 V Neuritic plaques 
8 89 M 6 IV Neuritic plaques & cerebrovascular lesions 
9 103 F 2 V Neuritic plaques & cerebrovascular lesions 
10 94 M 4 III None 

AD 

11 98 F 19 IV-V Diffuse plaques & cerebrovascular lesions 
12 89 F 13 III None 
13 93 F 19 VI Neuritic plaques & brainstem Lewy bodies 
14 94 F 22 V Neuritic plaques 
15 102 F 17 VI Neuritic plaques 
16 86 F 8 III Neuritic plaques, grains& cerebrovascular lesions 

Braak NFT stage assigned based upon counts with thioflavin S fluorescent microscopy as part of routine diagnostic 
neuropathology. F = female; M = male;  NA = not available; PMI = postmortem interval (in hours). 
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rized in Table 1. 
 
Tau and proteasomal components in controls 
 
Case 1, deceased at age 64, was younger than 
all but Case 2; the average age for the other 
cases was 93 years (Table 1). The 20S single-
band α- and β-subunits, and 11S α- and β-
subunits were resolved in broad fractions and 
expressed at 1.89AU, 4.33AU (Table 2), and 
1.10AU, 1.20AU (Table 3), respectively. Tau was 
not detectable (ND) with overloading the gel and 
overexposing the film. This was taken to indi-
cate that tau underwent complete proteasomal 
degradation (Figure 2A). 11S double-band α-
subunits consisted of apparent 90-kDa trimers 
and 60-kDa dimers and lacked 30-kDa mono-
mers, whereas single-band β-subunits con-
tained trimers, dimers and monomers. Both 
11S subunits were expressed at high levels, 
which would be expected to be capable of acti-
vating the 20S core to obtain complete degra-
dation of tau-peptides, consistent with ND 70-
kDa tau (Figure 3A). 
 
Case 1 also fully expressed regulatory elements 
Rpt1-6 (Figure 4). Rpt1 was detected as a dou-
ble-band of subunits from 45-42-kDa and from 
63-60-kDa.  Rpt2 was composed of four sub-
units at 68, 62, 58 and 50-kDa in series of vari-

able lengths.  Rpt3 subunits at 45-kDa and 
Rpt4 subunits at 46-kDa were distributed very 
widely.  Rpt5 were single-band subunits at 50-
kDa and 42-kDa with a minor 68-kDa subunit 
chain that spanned seven fractions. Rpt6 was 
detected as single-band at 48-kDa resolved in 
17 fractions. Thus, Case 1 was considered to 
have normal proteasome expression profile for 
the purposes of comparison. 
 
Case 2, age 46, had a fractional accumulation 
of undigested 70-kDa tau at 0.005 AU that con-
tained tau with intact N-terminus. The 20S α-
subunits were markedly upregulated, as shown 
by two overlapping double-bands at 300% the 
level of Case 1, but the β-subunits were down 
regulated to 55% of Case 1 only. In addition, the 
11S α-subunits were down regulated to 0.60 
AU, or 64% of Case 1, and contained single-
band dimers without monomers. The β-subunit 
was expressed at 0.77 AU, also at 64% of Case 
1, and included dimers, trimers, and smaller 
MW species, as well as monomers (Figure 3A, 
Table 2). Case 2 had the highest expression 
levels of Rpt1, Rpt2, Rpt4, and Rpt5 of the 15 
diseased cases, but a very low level of Rpt3 and 
a 33% level of Rpt6 of Case 1. Rpt1 was over 
expressed as an almost fused double-band at 
45-42-kDa as a long series and a short one at 
63-60-kDa. Rpt2 was a long series at 55-52-

Table 2. Tau and proteasome 20S subunits levels 
  20S  subunits Tau P-tau 

Class # α- β- Amino-
terminus E1 

Mid-section Carboxyl-terminus 
Tau46 PHF1 

P44 P46 

Non-AD 

1 1.890 4.325 ND ND ND ND ND 
2 5.765 2.380 0.015 ND ND ND ND 
3 0.835 0.345 0.070 ND ND ND 0.190 
4 0.150 1.125 0.050 0.010 0.005 ND ND 

Early-
AD 

5 0.145 0.015 0.460 0.230 ND ND ND 
6 0.145 0.045 0.169 0.053 0.020 ND ND 
7 1.185 ND 1.060 0.140 0.045 ND ND 
8 0.049 0.350 0.165 0.045 0.035 ND 0.220 
9 0.905 0.090 0.190 0.025 0.125 ND 0.185 
10 0.185 0.570 0.230 0.140 ND ND 0.205 

AD 

11 0.190 0.490 0.310 0.090 0.040 0.110 0.175 
12 0.735 0.150 0.185 0.065 0.045 0.010 0.130 
13 0.690 0.275 0.440 0.285 0.130 0.025 0.415 
14 1.770 0.750 0.425 0.130 0.085 0.025 0.750 
15 2.095 0.225 0.445 0.190 ND ND 1.645 

16 0.945 ND 0.890 0.155 0.295 ND 6.615 
Tau amino-terminus, two mid-sections, and carboxyl-terminus were blotted using antibody E1, P44 and P46, and 
Tau46, and P-tau was detected by PHF1 antibody. 20S α-subunits and β-subunits were proved by p32 and p27 anti-
body. The levels (AU) were determined by densitometry. ND = not detectable. G: gender; M: male. 

 



Proteasome degradation of brain cytosolic tau in AD 

 
 
390                                                                                                       Int J Clin Exp Pathol 2011;4(4):385-402 

kDa and a short chain at 63-60-kDa of severely 
fused double-band subunits. Rpt3 subunits at 
45-kDa were down regulated to only 2% of Case 
1 and resolved narrowly in SEC. Rpt4 subunits 
at 46-kDa were expressed as a single band re-
solved very broadly, which was very strong in 
the center and weak at both ends, with a short 
chain of subunits at 28-kDa that spanned 13 
fractions. Rpt5 contained a long double-band 
subunit series at 50-kDa underneath a medium 
subunit series at 76-kDa. Rpt6 was at a fraction 
of Case1. Thus, Case 2 had one to two-fold 
stronger expression of Rpt1, 2, 4 and 5, and 
very weak Rpt3 and weak Rpt6 expressions 
than in Case 1 (Figure 4). The levels of Rpt1-6 
were mismatched and unbalanced.  The data 
showed the onset of proteasome abnormality 
and tauopathy. 
 
Case 3 had undigested tau including a short 
chain of 70-kDa tau at 0.070 AU and a very long 
series of 70-kDa P-tau at 0.190 AU, with both 
proteins containing the amino-terminus. The 
20S α-subunits and β-subunits were downregu-

lated to 7% and 8%, respectively, of Case 1 
(Figure 2A), and 11S α-subunits and β-subunit 
were expressed as monomers at 0.235 AU and 
0.02 AU, respectively (Figure 3A). In addition, 
this case had normal Rpt5-6, but very low or ND 
Rpt1-4. 
 
Case 4 had aggregates of 70-kDa tau with full-
length tau, Carboxyl-terminus truncated tau-
aggregates, and 20-kDa mid-section tau-
fragments aggregates of 0.45 AU. Case 4 had 
down regulated 20S α-subunits and β-subunits 
at 8% and 26%, respectively, of Case 1 (Figure 
2B), and 11S α-subunits and 11S β-subunit 
monomers at 21% and 6%, respectively, of Case 
1 (Figure 3B). Case 4 had over expression of 
Rpt1-2 and Rpt 6 at 2 to 3-fold higher levels 
than Case 1; however, Rpt4 was at 7% of Case 
1, while Rpt3 and five were ND. 
 
In summary, non-AD Cases 2-4 had undigested 
tau derived from incomplete degradation, but 
Case 1 contained ND tau and tau peptides. The 
20S core, 11S proteasome and 19S base Rpt1-

Table 3. 70-kDa tau and proteasome 11S subunit levels 

  
70-kDa 11S proteasome 

Tau P-tau α-subunits β-subunits 

Class Case 
Amino- 
terminus 
E1 

Mid-section Carboxyl- 
Terminus 
Tau46 

PHF1 90-
kDa 

60-
kDa 

30-
kDa 

90-
kDa 

60-
kDa 

30-
kDa P44 P46 

N o n -
AD 

1 ND ND ND ND ND 0.625 0.475 ND 0.925 0.535 0.260 

2 0.005 ND ND ND ND 0.185 0.415 ND 0.760 0.360 0.355 

3 0.055 ND ND ND 0.250 ND ND 0235 ND ND 0.020 

4 0.045 ND ND ND ND ND 0.235 ND ND 0.280 0.260 

Early 
AD 

5 0.070 ND ND ND ND ND ND 0.110 ND ND 0.160 

6 0.070 0.020 ND ND ND ND ND 0.065 ND ND 0.008 

7 0.145 0.010 ND ND ND ND ND 0.335 ND ND 0.400 

8 ND ND 0.025 ND 0.100 ND ND 0.240 ND ND ND 

9 0.010 ND 0.015 ND 0.050 ND ND 0.915 ND ND 0.160 

10 0.230 0.045 ND ND 0.075 ND ND 0/030 ND ND 0.035 

AD 

11 0.120 0.109 ND ND 0.090 ND ND 0.125 ND ND 0.190 

12 0.155 0.055 0.090 0.025 0.120 ND ND 1.405 ND ND ND 

13 0.100 0.110 0.085 ND 0.445 ND ND 1.300 ND ND 0.040 

14 0.185 0.065 ND ND 0.260 ND ND 3.315 ND ND 0.160 

15 ND 0.140 ND ND 0.430 ND ND ND ND ND ND 

16 0.140 ND ND ND 0.700 ND ND 1.330. ND ND 0.125 

Phosphorylation-independent tau (tau), P-tau and 11Sα-subunits and β-subunits were blotted. The 70kDa tau likely, the aggre-
gates of undigested tau peptides, was determined (AU) by dissecting from the blots at a level above the 4R-2N isomer at 68-kDa. 
ND = not detectable. The 11Sα-subunits and β-subunits consist of 90-kDa trimers, 60-kDa dimers and 30-kDa monomers. Two 
oligomer β-subunits are stimulatory and the monomer β-subunit is inhibitory in function. 
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6 were downregulated or occasionally over ex-
pressed in fewer irregular subunits than normal 
Case 1 (Table 2). The 11S monomer β-subunits 
are inhibitory on degrading tau peptides (Table 
3). 
 
Tau and proteasomal components in early AD 
and AD 
 
Early AD (Cases 5-6) had undigested tau only, 
while Cases 7-16 contained both undigested 
tau and P-tau (Table 2). Among the undigested 

70-kDa tau in 15 diseased cases, there were 
13, 8 and 4, and 1 positive- blots of Amino-
terminus, two mid-sections, and Carboxyl-
terminus, while Case 1 lacked 70-kDa tau and 
70-kDa P-tau (Table 3). 
 
Early AD Cases 5-10 had downregulated 20S α-
subunits and β-subunits (Table 2), and 11S α- 
and β-subunits as 30-kDa monomers (Table 3) 
and had impaired Rpt1-6 when compared to 
Case 1 (Figure 4). Case 8 had substantial levels 
of undigested tau and impaired 20S α-subunits 
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and β-subunits at 26% and 8%, respectively, 
(Figure 2B) of Case 1 as well as defective 11S 
monomer α-subunits and ND β-subunits (Figure 
3B). The tauopathy was indicated by several 
lines of evidence. We detected the presence of 
developing PHF-tau within F28-32, where F30 
and F32 contained P-tau aggregates in which 
F30 had 3.6-fold higher levels than F32.  F28 

had several advanced 78-48-kDa P-tau aggre-
gates, with the top one containing full-length tau 
that blotted positive for the Amino-terminus 
and/or mid-section. PHF-tau of 70-kDa were 
also detected in F44-F52 between P-tau and full
-length tau and positive in blots of tau mid-
section. Small tau fragments at 42-28-kDa in 
F56-F62 contained the Amino-terminus and/or 

Figure 2A-2B. Six cases of tau and 20S proteasome core. Tau N-end, two mid-sections, and C-end epitopes were blot-
ted with antibody E1, P44 and P46, and Tau46, and phosphorylated (P)-tau was probed by PHF1 antibody. The 20S α
-subunits and β-subunits were detected using antibody p32 and p27, respectively. Levels of tau and 20S α-subunits 
and β-subunits on the blots were analyzed by densitometry. Case 1 has not detectable (ND) tau and ND P-tau that are 
valued at zero. γ-tau: recombinant-tau.  
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Figure 3A-3B. Six cases of 70kDa tau and 11S proteasome. 70kDa tau was dissected at a level above the 4R-2N 
isomer (68kDa) from the tau blots. 11S α-subunits and β-subunits were blotted by 11S α and β antibody. 11S sub-
units consist of 90kDa trimers and 60kDa dimers and 30kDa monomers: the two oligomers are stimulatory and the 
monomer is inhibitory in function. Case 1 had ND 70kDa tau that was valued at zero.  
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mid-section (Figure 2B). Case 6 had Rpt1-6 ex-
pression between 2% and 70% of Case 1, and 
Case 10 possessed Rpt1-6 between 0 to 83% 
of Case 1 (Figure 4). 
 
AD (Cases 11-16) had marked undigested tau 
and P-tau, impaired proteasome profiles of 20S 
α-subunits and β-subunits (Table 2), 11S α-
subunits and β-subunits represented as 30‑-
kDa monomers (Table 3) and uncoordinated 
Rpt1-6 expression (Figure 4) as compared with 
Case 1. Case 15 had severe tauopathy, down-
regulated 20S α-subunits and β-subunits 
(Figure 2B) as well as 11S α-subunits and β- 
subunits (Figure 3B) and defective Rpt1-6 as 
compared with Case 1. The case had very high 
NFT-tau in F28-F38 and tau-fragments in F56‑-
F62 (Figure 2B). A full spectrum of NFT-tau in-
cluded tau fragments, full-length tau with ex-
posed amino-terminus and/or mid-sections and 
high MW tau aggregates that accounted for 
16%, 57% and 27%, respectively, of the accu-
mulating P-tau (Figure 2B). This case also had 
impaired Rpt1-6 at 0 to 71% of Case 1 (Figure 
4). 
 
Correlation studies 
 
When the four non-AD cases were considered 
together, levels of tau and 20Sβ-subunits (Table 
2) as well as 70-kDa tau and 11Sβ-subunits 
(Table 3) had significant inverse relationships of 
R= -0.95 (upper panel, Figure 5A) and R= -0.97 
(upper panel, Figure 5B), respectively. The 
trends remain constant whether all four cases 
or only Cases 2 to 4 were included in the regres-
sion analysis. These trend lines show that as 
the levels of 20S β-subunits and 11S β-subunits 
increase, levels of tau and tau peptides de-
crease until they become ND. 
 
When all 16 cases were considered together, 
levels of tau and 20S β-subunits (Table 2) as 
well as 70-kDa tau and 11S β-subunits (Table 3) 
had significant inverse relationships {P<0.005 
and R= -0.49 (lower panel, Figure 5A); and 
P<0.05 and R= -0.44 (lower panel, Figure 5B)}, 
respectively. Both Figures show two phases: a 
steep decline of substrate tau and tau-peptides 
degraded by effective 20S β-subunits and 11S 
β-subunits; and a stable accumulation of tau 
and tau-peptide caused by impaired 20S β-
subunits and 11S β-subunits. However, there 
was no significant inverse correlation between 
the levels of P-tau and 20S β-subunits or be-

tween 70-kDa P-tau and 11S β-subunits (data 
not shown). 
 
Undigested tau accumulation 
 
The undigested tau increased from ND in Case 
1 to 0.040 ± 0.011 AU in non-AD disease con-
trols Cases 2-4, 0.379 ± 0.144 AU in early-AD 
Cases 5-10, and 0.449 ± 0.097 AU in AD Cases 
11-16 (Table 2). The levels of Carboxyl-terminus 
truncated tau between early AD and AD cases 
are significant {P<0.02 (#, Figure 6)}, and the 
levels of the carboxyl-terminus and mid-section 
of tau in 16 cases are significant {P<0.007 (*, 
Figure 6)}. However, levels of P-tau elevated 
from ND in Case 1, to 0.019 AU in non-AD Case 
3, to 0.102 ± 0.046 AU in early AD, and to 
1.660 ± 1.024 AU in AD (Table 2). Levels of P-
tau between early AD and AD cases are signifi-
cant {P<0.04 (++, Figure 6)}, and levels of tau 
and P-tau in 16 cases are significant {P<0.02 
(**, Figure 6)}. 
 
Proteasomal 20S β-protease activity level 
 
Using fluorescence substrate assay we deter-
mined that 20S β-proteases in Case 1 had chy-
motrypsin (12,024FU), trypsin (75,897FU) and 
caspase activity (69,543FU) of moderate and 
coordinated expression and that the chymotryp-
sin activity had the lowest Km. The indices of 
the three β-proteases in Case 1 were all set to 
1.00 for normalization. Consequently, the aver-
age index of chymotrypsin had increased from 
normal at 1.00 to 1.90 ± 0.94 (n=3) in dis-
eased non-AD Cases, to 8.08 ± 4.28 (n=6) in 
early AD and to 14.8 ± 5.70 (n=6) in AD. The 
average index of trypsin was altered from nor-
mal at 1.00 to non-AD at 0.51 ± 0.33, to early-
AD at 1.39 ± 0.43 and to AD at 1.75 ± 0.62. 
The average index of caspase changed from 
normal at 1.00 to non-AD at 0.87± 0.34, to 
Early-AD at 0.70 ± 0.33 and to AD at 0.67 ± 
0.13, respectively (Table 4). 
 
Correlations of tau and 20S β-proteases 
 
In 16 cases, significant relationships exist be-
tween levels of tau and index of 20S-
chymotrypsin, P<0.007; indexes of chymotryp-
sin + trypsin, P<0.005; chymotrypsin + caspase, 
P<0.009; and all β-protease, P <0.009.  All of 
the correlations seemed to be driven by chy-
motrypsin activity (Figure 7). No correlation was 
found between levels of tau and trypsin or cas-
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pase. There were also no correlations between 
P-tau and any 20S β-protease. 
 
Size-exclusion chromatography (SEC) 
 
The resolution of cytosolic tau in SEC was 
shown (Figure 8). The resolution of SEC is accu-
rate above 43 Å or 50-kDa. Highly purified PHF 
and the r-tau were resolved at F44 (71 Å, 959-
kDa) and F59 (49 Å, 236-kDa), respectively. In 
addition, the earliest PHF1 positive P-tau in F28
-38 shown in tall smear columns was identified 
as NFTs. Each protein resolved in the SEC frac-
tion had Rs and MW values that corresponded 
to their fraction.  Furthermore, the resolved pro-
teins were stable when stored at -20°C without 

any indication of aggregation or degradation. 
 
Discussion 
 
This study was designed to examine the role of 
the proteasome in the degradation of tau and in 
the pathogenesis of progressive tauopathy in 
AD by examining brains with a wide range of tau 
pathology while simultaneously assessing tau 
and proteasomal subunits in tissue fractions 
separated by molecular mass using SEC. A com-
prehensive study such as this has not been pre-
viously reported. The study began by examining 
blots of purified cytosolic tau from brain sam-
ples using four antibodies to detect the amino-
terminus through the mid-sections to the car-

Figure 4. Six cases of 19S base Rpt1-6. Characteristics of Rpt1-6 are featured in six cases. Case 1 has a normal pro-
teasome profile including well expressed Rpt1-6 demonstrated by ND tau for complete tau degradation and is re-
garded as a paradigm case. The remaining 15 cases contain abnormal proteasome profiles including impaired Rpt1-
6 and are considered as diseased cases. MS: Subunit molecular standard. 

Figure 5. Correla-
tions of tau and 20S 
β -subunits;  and 
70kda tau and 11S 
β-subunits. Levels of 
tau and 20S β-
subunits (A) and 
70kDa tau and 11S 
β-subunits (B) have 
significant inverse 
relationships: upper 
panels for four non-
AD cases and lower 
panels for all 16 
cases. Case 1 has 
ND tau and ND 
70kDa tau that were 
valued at zero.  
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boxyl-terminus of tau. The blots were 
used to determine whether tau was 
completely degraded, as evidenced by 
inability to detect tau in normal brains, 
or incompletely degraded, as character-
ized by accumulation of undigested tau 
in aging and AD. Next, the levels of tau 
were correlated with levels of the 20S β-
subunits and levels of 70-kDa tau were 
correlated with 11S β-subunits, which 
showed the efficacy of tau degradation 
by the proteasome. The results suggest 
that tau is degraded completely by the 
proteasome in controls and digested 
incompletely by the proteases in AD. 
This investigation, using autopsied hu-
man brains, may provide significant in-
sight into tau metabolism in AD patho-

Figure 6. Characteristics of 
undigested tau in 16 cases. 
Levels of brain cytosolic tau N-
end, two mid-sections, and C-
end and P-tau were blotted and 
determined. Significant rela-
tionships are found: *, between 
the levels of C-end truncated 
tau between early AD and AD 
cases (n=6), P<0.02; ++, the 
levels between C-end and next 
mid-section of tau in 16 cases, 
P<0.006; #, the levels of P tau 
between early A D and AD 
cases (n=6), P<0.04; **, the 
levels between tau and P tau in 
16 cases, P<0.02. Case 1 has 
ND tau that is valued at zero.  

 

Figure 7. Correlations of tau and 20S protea-
some β-proteases Levels of tau and 20S chy-
motrypsin, trypsin and caspase were analyzed 
by WB and FSA, respectively. Case 1 has all 
three indexes of β-proteases at 1.00 and 
Cases 2-16 have three indexes of β-proteases 
at various values. Significant relationships exist 
between the levels of tau and 20S chymotryp-
sin, P<0.007; chymotrypsin + trypsin, P<0.005; 
chymotrypsin + caspase, P<0.009; and all β-
protease, P<0.009. Chymotrypsin: β5 chy-
motrypsin-like; trypsin: β2 trypsin-like; caspase: 
β1 caspase-like. A: non-AD cases; B: 16 cases.  
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genesis.  
 
In a parallel study we previously studied tau 
pathology in 30 prospectively followed patients 
from the Mayo Clinic Alzheimer Disease Re-
search Center grouped by cognitive impairment. 
Six cases in each of five Clinical Dementia Rat-
ings scores - normal CDR (0), very mild (0.5), 
mild (1), moderate (2) and severe (3) were 
grouped firstly introduced by Morris [37] to dif-
ferentiate the relative severity of dementia. The 
distribution of undigested tau was studied in 
temporal and frontal cortical tissue samples. 
One case with low CDR had ND tau and P-tau in 
both temporal and frontal cortices and four 
cases with low CDR had ND tau or P-tau in fron-
tal cortices alone, which suggests that in cogni-
tively normal elderly tau can be completely de-
graded. The data reiterate the view that the 
complete degradation of tau occurs normally 
and is not an isolated event. It probably occurs 
in most young brains and in cognitively intact 
elderly, while most elderly people with varying 
degrees of Alzheimer-related cognitive impair-
ment have varying degrees of accumulation of 
undigested tau. 
 
The hypothesis that levels of tau in the cytosol 
are normally tightly controlled and completely 

degraded if not associated with MT is new, but 
supported by the present results. This concept 
argues against the existing view of a tau pool 
present in the cytosol from which it is dis-
patched to stimulate assembly and stabilize MT.  
No mechanisms for tau storage and relocation 
have been demonstrated to support the pres-
ence of a stable pool of cytosolic tau. The evi-
dence reported here suggests that tau is de-
graded completely in tissue that has a full com-
plement of proteasomal components and nor-
mal enzymatic activity and that it accumulates 
progressively in association with aberration in 
this degradation process as incompletely di-
gested or undigested tau that culminated in 
very large tau aggregates in full-blown AD.  
Thus, maintenance of a functional proteasome 
system to degrade cytosolic tau that is not 
bound to MT is important for optimal longevity 
in humans. 
 
Tau that is not digested by proteases contains 
an intact amino-terminus, an irregular config-
ured projection domain beyond the reach of 
proteases. Tau that accumulates during the 
progression of AD may be related to failure of 
the proteasome to completely degrade tau. It 
seems likely that there are factors, such as tran-
scription factors, that induce enzymes (e.g., 20S 

Figure 8. Superose 6 size-exclusion chromatography (SEC). SEC was packed and calibrated using a high molecular 
weight kit and purified PHF preparation and stock recombinant (r)-tau. The NFTs were resolved at fraction (F) 28 (115 
Å, 4,300 kDa). Both PHFs and full-length 3R/4R r-tau peaked at F44 (83 Å, 1,531 kDa) and F59 (49 Å, 236 kDa), 
respectively. A: the Stoke’s radius of the protein (Rs, Å) and B: the MW (kDa). 
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β-proteases) to clear tau and maintain homeo-
stasis. In this study, levels of tau and 20S β-
proteases were significantly correlated, perhaps 
indicative of an end-product induction mecha-
nism. In order to be functional, the induced 20S 
β-proteases must integrate a complete core 
20S α-ring template [20]. Both the 20S β-
subunits and 20S β-proteases were closely dis-
tributed in SEC fractions in our reference case 
(Case 1), but not in SEC fractions from cases 
with progressive tauopathy (Cases 2-16). In 
these cases, the blots of 20S α-subunits were 
also abnormal. It is tempting to speculate that 
this pattern on SEC suggests that in the refer-
ence case 20S β-proteases successfully inte-
grates into the core α-ring, but that the disper-
sion seen in SEC of the remaining cases indi-
cates that integration is less successful, leaving 
ring elements within soluble cytosolic fractions. 
 
The most significant finding in this study is the 
progressive failure of intrinsic mechanisms to 
degrade tau in AD. Undigested tau accumulates 
at first as soluble protein in the cytosol, with 
subsequent conversion without hyperphos-
phorylation to a form that is sarkosyl-soluble 
and then into a form that is sarkosyl-insoluble.  
This was noted in non-AD disease controls 
(Cases 2-4) and early AD (Cases 5-6), which all 
had undigested tau without significant P-tau.  
Truncated tau may compete with normal full-
length tau for binding sites on MT that might 
cause destabilization of MT and subsequent 
deleterious effects on neurons. The intrinsic 
electrostatic forces in undigested tau and the 
enriched hydrophobicity in the MT-binding do-
mains may create non-phosphorylated spatial 
epitopes that favor aggregation [8, 38, 39]. 
 
The proteasome is distributed mostly on the 
cytosolic surface of the ER and to a small extent 
within the nuclei [34]. The system consists 
mainly of 20S core, 11S and 19S proteasome 
activators (Figure 1). The firmly bound 20S core 
β-proteases interact by overlapping with oppo-
site counterparts to cleave allosterically the 
peptide bonds for precise proteolysis. Levels 
20S β-subunits were inversely related to tau in 
human brain tissue, suggesting that tau is a 
substrate of the proteasome. In addition, levels 
of 11S β-subunits were inversely correlated to 
the levels of 70-kDa tau in brain. The case with 
the most significant amounts of undigested tau 
(case 16) had the most abnormal proteasome 
profile.  Among controls, Case 1, which was the 

reference case with the most complete protea-
some profile, had no detectable tau, while a non
-AD control with accumulation of 70-kDa tau 
(Case 2), had an abnormal proteasome profile.  
The results suggest that critical impairment of 
brain 20S β-subunits and 11S β-subunits during 
the aging process may contribute to accumula-
tion of undigested tau and eventual neurofibril-
lary degeneration. 
 
The 19S base Rpt1-6 that possesses chaperone
-like activity helps to unfold proteins [27]. 
Rpn10 binds specifically to polyubiquitin chains 
attached to the substrate protein and assists in 
its unfolding to a susceptible form for degrada-
tion. Collectively, Rpt1-6, Rpn10 and Rpn2 in 
the 19S proteasome base recognize the sub-
strate, unfold and facilitate the process of deg-
radation [17]. The step of unfolded protein entry 
via an orifice of 20S α-ring to the antechamber 
and the central enzyme cavity for degradation is 
rate limiting [21, 23]. Degradation of proteins in 
the enzyme cavity is processive [40], whereby 
the substrate is held until completion and end 
products are released before accepting the next 
substrate. Overall, the proteasome degrades 
cytosolic proteins completely [26]. 
 
Previous studies by David et al. demonstrated 
that purified 20S proteasome core could de-
grade recombinant-tau to the intermediates of 
17-26-kDa and 10-15-kDa or smaller peptides 
with extended incubation [12]. The 20S core 
degrades tau to peptides in an ubiquitin-
independent manner.  Evaluation of ubiquitina-
tion of tau in these cases would provide addi-
tional information about whether observed cor-
relates between levels of tau and proteasomal 
subunits is ubiquitin-independent or rather de-
pendent upon ubiquitination and consequently 
requiring energy (i.e. ATP-dependent). 
 
Kisselev et al. proposed a bite-chew mechanism 
of 20Score degradation on short-lived proteins 
[24]. Chymotrypsin active sites “bite” and 
cleave various substrates to intermediates, and 
three active sites “chew” or cleave the interme-
diates to peptides; the 20S proteasome or pep-
tidases rapidly reduce the peptides to amino 
acids.  The two chymotrypsin sites may cleave a 
tau molecule to three tau intermediates, leaving 
the three β-protease sites to digest the interme-
diates to tau-peptides, followed quickly by re-
duction to amino acids or short antigen pep-
tides by the 20S proteasome.  A hybrid 26S pro-
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teasome (19S-20S core-11S) degrades pro-
teins, such as tau, to amino acids directly and/
or antigen peptides [41]. Thus, the complete 
proteasomal degradation of tau is likely 
achieved by the combined effort of non-
redundant subunits. 
 
This study included advanced AD cases that 
had high density of neurofibrillary degeneration 
and massive accumulation of NFT tau. It is 
tempting to speculate, given the considerable 
aberration of proteasomal profiles in these 
cases, that NFT-tau is related to impaired 30S 
proteasome and 26 hybrid proteasome activity 
on degradation of tau. One case in particular 
(Case 15) had the massive NFT-tau as indicated 
by distribution in SEC to F28-F38 (Figure 2B). 
Such tau aggregates could easily exceed 115 Å 
and have molecular mass of 4,280-kDa or more 
(Figure 2B). The 20S core has a size of 12 nm in 
diameter and 17 nm in height [16, 18]; the pro-
teasome has an estimated Rs of 102 Å, while 
full-length tau in F59 has an Rs of 49Å. The ex-
act mechanism of NFT formation has not been 
elucidated; however, it is reasonable to suggest 
that large pathologic tau assemblies could block 
the enzyme cavity of 20S core and lead to a 
standstill of proteasomal degradation. Failure of 
20S proteasome degradation of tau {see Case 8 
with PHF-tau in F44-F52 (Figure 2B)} would lead 
to accumulation of abnormal P-tau of estimated 
molecular weight of 72-56kDa, far smaller than 
the massive P tau-aggregates (over 240-kDA) 
that probably correlated with NFT. Whether 
these smaller P-tau species have inherent toxic-
ity remains to be determined, but might fit with 
the increasingly popular notion that toxic spe-
cies in Alzheimer’s disease are soluble oli-
gomers, some derived from aberrant proteolytic 
processes [42, 43]. 
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