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N E U R O S C I E N C E

Genetic and pharmacologic proteasome augmentation 
ameliorates Alzheimer’s-like pathology in mouse 
and fly APP overexpression models
E. Sandra Chocron1, Erin Munkácsy1, Harper S. Kim1,2,3,4, Przemyslaw Karpowicz5, Nisi Jiang1,2, 
Candice E. Van Skike1,6, Nicholas DeRosa1,6, Andy Q. Banh1,6, Juan P. Palavicini1, Paweł Wityk7,8,9, 
Leszek Kalinowski7,8,9, Veronica Galvan1,10,11,12,13,14, Pawel A. Osmulski1,2, Elzbieta Jankowska15, 
Maria Gaczynska1,2, Andrew M. Pickering1,2,3*

The proteasome has key roles in neuronal proteostasis, including the removal of misfolded and oxidized proteins, 
presynaptic protein turnover, and synaptic efficacy and plasticity. Proteasome dysfunction is a prominent feature 
of Alzheimer’s disease (AD). We show that prevention of proteasome dysfunction by genetic manipulation delays 
mortality, cell death, and cognitive deficits in fly and cell culture AD models. We developed a transgenic mouse 
with neuronal-specific proteasome overexpression that, when crossed with an AD mouse model, showed reduced 
mortality and cognitive deficits. To establish translational relevance, we developed a set of TAT-based proteasome-
activating peptidomimetics that stably penetrated the blood-brain barrier and enhanced 20S/26S proteasome 
activity. These agonists protected against cell death, cognitive decline, and mortality in cell culture, fly, and mouse 
AD models. The protective effects of proteasome overexpression appear to be driven, at least in part, by the pro-
teasome’s increased turnover of the amyloid precursor protein along with the prevention of overall proteostatic 
dysfunction.

INTRODUCTION
Alzheimer’s disease (AD) affects millions worldwide, and its incidence 
increases exponentially after the age of 65. While the proximal cause of 
sporadic AD remains unknown, its histologic hallmarks are neurofibril-
lary tangles, -amyloid (A) plaques, synaptic loss, and neuronal death.

The proteasome represents the major, multifunctional, and multi-
subunit protease of the ubiquitin-proteasome pathway (1). Direct 
inhibition of the proteasome by protein aggregates is a feature of 
neurodegenerative diseases, including Parkinson’s and Huntington’s 
diseases in addition to AD (2). Many hallmarks of AD point to dis-
rupted proteostasis, including reduced proteasome function in brain 
tissues from patients with AD (1, 3). Proteasome impairment is also 
observed in mouse and cell culture models of AD (4–6). Proteasome 
impairment is thought to be driven by direct inhibition of the pro-
teasome complex by intracellular A (4, 5, 7). A plays a causative 
role in AD as a cleavage product of the Amyloid Precursor Protein 
(APP) (8), when the latter is processed by -secretase 1 (BACE1), 

followed by -secretase (9). A is neurotoxic and forms soluble 
oligomers and insoluble plaques that increase with AD progression 
(10, 11).

Many pathologic aspects of AD are thought to stem from the 
accumulation of intracellular A (12), which may be internalized by 
membrane trafficking (13) or generated from APP on intracellular 
membranes (14). The proteasome is essential for presynaptic pro-
tein turnover, synaptic efficacy and plasticity, and many other func-
tions that are impaired in AD (15). Thus, the toxicity of intracellular 
A may come, in part, from impaired proteasome function. In support 
of this concept, mice with depleted neuronal proteasomes or injected 
with proteasome inhibitors show neurodegeneration, formation of 
neuronal aggregates, and cognitive deficits (16, 17). Furthermore, the 
microtubule-associated protein, tau, becomes hyperphosphorylated 
in AD and forms insoluble neurofibrillary tangles, which disrupt the 
cytoskeleton and cellular trafficking. In addition, hyperphosphoryl
ated tau can form nonfibrillary aggregates in synapses, where its 
presence is associated with disrupted proteostasis (18).

In virtually all eukaryotic cells, multiple forms of the proteasome 
play a critical role in maintaining proteostasis. The core 20S protea-
some degrades unorganized, misfolded, and oxidatively damaged pro-
teins, while the 26S proteasome is capable of degrading proteins labeled 
with a polyubiquitin tag, which is a critical step in cell signaling and 
proteostasis. In neurons, the proteasome system has additional 
roles, especially in the synapse, where it is essential to establishing 
long-term potentiation, a key cellular mechanism underlying learning 
and memory (19, 20). These data underscore why the nervous system 
may be especially vulnerable to proteasome dysfunction and why pa-
thologies of aging and neurodegenerative diseases, including AD, may 
be caused in part by impaired proteasome activity.

In this study, we demonstrate that proteasome dysfunction in 
multiple models is a prominent and early-stage marker of AD, pre-
ceding many other biological markers. We show that prevention of 
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proteasome dysfunction through enhanced proteasome assembly can 
reduce deficits observed in cell culture, fly, and mouse models of 
AD. We also report that a set of novel TAT peptide–derived pro-
teasome agonists reduced deficits observed in animal models of 
AD. Last, we present evidence that the protective effects observed 
were at least in part a product of increased turnover of the APP, 
leading to reduced levels of A.

RESULTS
Proteasome dysfunction in patients with AD and AD 
animal models
To investigate the impact of AD on proteasome function, we built 
on previous work showing proteasome impairment in patients with 
AD (1, 3) by examining when proteasome dysfunction occurs 
during the disease course of AD. To do this, we measured protea-
some peptidolytic (chymotrypsin-like) activity in the hippocampus 
of patients with different stages of AD. We used hippocampal tissues 
from several repositories connected with the National Institutes of 
Health (NIH) NeuroBioBank (see Acknowledgments). Samples came 
from patients between 50 and 78 years old, with Braak stages rang-
ing from 0 to 6. We divided samples into groups of controls (Braak 0 

to 1, N = 11), early-stage AD (Braak 2 to 4, N = 12), and late-stage AD 
(Braak 5 to 6, N = 12) (fig. S1). We observed significant declines in 
proteasome activity in both early and late stages of AD (Fig. 1A), 
suggesting that impaired proteasome function could be an early-
stage marker of AD. In contrast, other markers of AD pathologies, 
including increased soluble A42 and elevated soluble tau phos-
phorylation relative to total tau, were seen only in late-stage patients 
(Fig. 1B and fig. S2). These results demonstrate that proteasome 
dysfunction may precede other pathologic markers of AD. We also 
observed proteasome dysfunction as a robust feature in animal models 
of AD. Proteasome function was impaired in cells treated with A, 
in flies that overexpress preformed A (UAS-A3-42), and in brains 
of mice that overexpress a human familial variant of APP (hAPP-J20 
mice with Swedish and Indiana mutations) (Fig. 1C).

UAS-APP;UAS-BACE1 Drosophila model of AD
To investigate the biological relevance of proteasome impairment in 
AD, we initially used a Drosophila model of the disease. Here, we used 
an already developed model with postdevelopmental pan-neuronal 
expression of hAPP and BACE1 (Elav-gs-GAL4>UAS-hAPP;UAS-
hBACE1). The UAS-hAPP;UAS-hBACE1 transgene has been previ-
ously reported to produce a cleaved product of APP that is further 

Fig. 1. Proteasome dysfunction is a robust and early-stage marker of AD, and proteasome augmentation delays cognitive deficits in a fly model of AD. (A) Pro-
teasome peptidase (chymotrypsin-like) activity is impaired in the hippocampus of patients with AD in early and late stages of pathology. (B) Increases in tris-buffered 
saline (TBS)–soluble A and tau phosphorylation were present only in late stages of pathology. A42 enzyme-linked immunosorbent assay (ELISA), phospho-tau immuno-
blot normalized by total tau. Postmortem human hippocampal tissue (patients with AD versus age-matched unaffected controls; patient information in fig. S1). Patients 
divided into controls (Braak 0 to 1, N = 11), early-stage AD (Braak 2 to 4, N = 12), and late-stage AD (Braak 5 to 6, N = 12). (C) Proteasome (chymotrypsin-like) activity is 
impaired in AD models: B103 cells (±1 M A42, N = 3), 20-day-old Elav-GS-GAL4>UAS-A3-42 flies (±200 M RU-486, N = 12), and 7-month-old mice [hAPP(J20), N = 7 
versus NTG (Non-Transgenic), N = 5). (D) Proteasome overexpression increased proteasome activity in control flies and prevented proteasome activity deficits in 
an AD fly model; chymotrypsin-like proteasome activity assay ± 0.5 M ATP (basal/ATP stimulated). Flies maintained on SY10 medium with 400 M RU-486 until day 30, 
N = 8 per group. Significance based on two-way analysis of variance (ANOVA). (E) Proteasome overexpression partially overcame deficits in olfactory aversion training in 
30-day-old flies; control, N = 121; AD, N = 129; and AD with (w/) Pros5 O.E. (overexpression), N = 125; data combined from triplicate assays. Significance was based on 
chi-square test. Values shown as percentage of flies in each chamber at the end of the assay. (F) Proteasome overexpression partially restored deficits in circadian rhyth-
micity in 30-day-old flies, N = 150 per group. *P < 0.05, **P < 0.01, and ***P < 0.001. Student’s t test was used unless otherwise stated. N represents the number of animals 
or samples per group. NS, not significant.
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cleaved by Drosophila -secretase to produce a peptide similar in size 
to A40/42 (21). These flies have been shown to develop A deposits 
(22), form plaques (21), and exhibit age-dependent deficits in court-
ship behavior and memory (23). To better model AD pathology, we 
limited transgene expression to adulthood (starting day 2 after eclo-
sion). This is significant, since, although age is the single greatest risk 
factor for the development of sporadic AD, most models use life-
long overexpression and show pathology early in life. We demon-
strated these flies to have A accumulation in the mushroom body 
(learning and memory center) (fig. S3, A and B) (24). They also displayed 
cognitive deficits on olfaction aversion training. Flies were exposed 
to two neutral odors (3-octanol and 4-methylcyclohexanol) and trained 
to associate one with a negative sensation (mild electric shock). 
Odor choice was then evaluated by T maze (25). These flies also 
displayed a shorter life span (fig. S3C).

Proteasome augmentation prevents survival and cognitive 
deficits in a Drosophila model of AD
We enhanced proteasome function in the fly AD model through 
overexpression of Pros5 (Proteasome Subunit Beta 5), a major catalytic 
subunit bearing a catalytic center for chymotrypsin-like activity in the 
proteasome core (Fig. 1D) (26). We and others have previously re-
ported that proteasome function can be enhanced by overexpression 
of Pros5, which increases the transcription of other core subunits 
and promotes whole-proteasome assembly. Although the mechanism 
whereby Pros5 up-regulates the other core subunits is unclear, it 
has been reported in mammalian cell cultures (27, 28), Caenorhabditis 
elegans (29), and Drosophila (30, 31).

Our fly AD model showed impaired adenosine 5′-triphosphate 
(ATP)–nonstimulated (“basal”) and ATP-stimulated proteasome 
chymotrypsin-like activities, which roughly approximate the activi-
ties of mostly 20S and 26S assemblies, respectively. The 20S and 26S 
proteasomes contribute to biologically distinct functions in the cell 
[reviewed in (32)]. Furthermore, overexpression of Pros5 in this 
AD model can stimulate basal and ATP-stimulated proteasome ac-
tivities, overcoming AD-related impairments (Fig. 1D). Prevention 
of proteasome dysfunction abrogated AD-like deficits in associative 
learning and memory on olfaction aversion training. Control flies 
displayed a significant increase in avoidance of the “negative” odor 
after training, unlike AD model flies. However, when Pros5 was 
overexpressed in the AD model background, posttraining improve-
ment returned, demonstrating the retention of associative learning 
and memory (Fig. 1E). Notably, Pros5 overexpression did not in 
itself alter odor preference or shock avoidance (fig. S4).

We have previously reported that neuronal proteasome overex-
pression extends life span in Drosophila (31), a finding that we reca-
pitulated here. We showed the AD fly model to have reduced life 
span, but when proteasome overexpression was induced in the AD 
fly model, median life span was returned to a comparable life span 
of nondisease controls (Fig. 5). However, because neuronal prote-
asome overexpression itself increases life span, restoration of a 
wild-type life span may stem not from the prevention of AD-like 
deficits but from the benefits of proteasome overexpression inde-
pendent of rescue from AD pathology. Pros5 overexpression did 
not appear to alter mRNA levels of hAPP. It is thus unlikely that the 
observed improvements were an artifact from GAL4 competition 
(fig. S3D). In addition, this AD model experiences deficits in both 
spontaneous activity and circadian rhythmicity, but enhanced pro-
teasome function reduced these deficits in an AD background 

(Fig. 1F). We have previously reported that proteasome overexpres-
sion prevents circadian rhythmicity deficits in old wild-type animals 
but does not change circadian rhythmicity in young wild-type 
animals (31). Collectively, these data suggest that proteasome over-
expression can reduce AD-like deficits in a fly model of AD.

Development of NSE-PSMB5, a mouse model of neuronal 
proteasome overexpression
To investigate the translational potential of our findings, we gener-
ated a transgenic mouse model with neuronal-specific proteasome 
overexpression by inserting an additional copy of mouse PSMB5 
(Pros5 ortholog) preceded by the neuron-specific enolase promoter 
(NSE-PSMB5) (Fig. 2A) (33). The resultant mice appear physiolog-
ically normal. Brains from 3-month-old mice showed a 70% increase 
in PSMB5 protein levels (Fig. 2B) and elevated expression of multiple 
proteasome subunits (fig. S5), consistent with findings from other 
model systems (27, 29–31). These changes resulted in increased 
content of active 20S and 26S proteasomes, demonstrated by native 
polyacrylamide gel electrophoresis (PAGE) analysis of mouse tissue 
incubated with the MV151 universal fluorescent proteasome inhibitor, 
which selectively binds and labels active proteasomes (Fig. 2C) (34). 
In addition, using plate-based activity measures, we show a twofold 
increase in basal peptidase proteasome activity, while ATP-stimulated 
proteasome activity (mostly the 26S proteasome) showed a nonsignifi-
cant increase (Fig. 2D). Furthermore, increased proteasome activity 
was blocked by adding the proteasome-specific inhibitor bortezomib, 
suggesting that these changes are not due to other proteases.

These findings are consistent with our prior reports in flies that 
Pros5 overexpression leads to a significant elevation of basal pro-
teasome activity (31). Thus, we conclude that overexpression of 
PSMB5/Pros5 leads to elevated 20S proteasome function, while 
the impact on 26S proteasome function remains unclear. Because of 
the close interplay between the proteasome and autophagy systems, 
we measured LC3 ratio as a marker of autophagic flux in brain tis-
sues from our mouse model. We observed no significant changes, 
suggesting that autophagic flux is unaltered (fig. S6).

Proteasome augmentation prevents survival and cognitive 
deficits in a mouse model of AD
To test the AD-protective capacity of PSMB5 overexpression, we 
transiently transfected the NSE-PSMB5 construct into MC65 cells, 
which have a tetracycline (TET)–OFF APPN17-C99 overexpression 
construct. In this cell line, overexpression of a fragment of APP in-
duced by TET withdrawal leads to cell death (35). PSMB5 overex-
pression significantly reduced cell death induced by APPN17-C99 
fragment overexpression compared to empty vector transfection 
after 4 days, suggesting a protective effect against APP toxicity 
(Fig. 2, E and F).

To establish whether proteasome overexpression could protect 
against AD-like deficits in mice, we crossed our NSE-PSMB5 model 
with hAPP(J20) mice (36), which express the Swedish-Indiana 
familial-mutant hAPP and recapitulate key aspects of AD patho-
genesis (Fig. 2G) (37–40). By 7 to 8 months of age, hAPP(J20) mice 
had profound spatial memory deficits in retention of a novel location 
for the escape platform during reversal testing on the Morris water 
maze. These deficits were significantly attenuated in hAPP(J20); NSE-
PSMB5 mice (Fig. 2H). Latency to find the platform, percent time spent 
in thigmotactic swim (Fig. 2I), or floating time during reversal training 
did not differ between hAPP(J20) and hAPP(J20);NSE-PSMB5 mice. 

D
ow

nloaded from
 https://w

w
w

.science.org at G
dansk U

niversity of T
echnology on M

arch 07, 2024
D

o
w

nl
o

ad
ed

 f
ro

m
 m

o
st

w
ie

d
zy

.p
l

http://mostwiedzy.pl


Chocron et al., Sci. Adv. 8, eabk2252 (2022)     8 June 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 18

Thus, it is unlikely that changes in anxiety and/or motivation con-
tributed to this improvement (Fig. 2H). We further evaluated spatial 
memory through novel object recognition and working memory 
(Y-maze test). In both, performance was significantly improved in 
hAPP(J20);NSE-PSMB5 mice relative to hAPP(J20) mice (Fig. 2, J and K). 
Although we detected a mild and not statistically significant improve-
ment with PSMB5 overexpression in control mice, differences were 
significant between hAPP and hAPP;PSMB5 mice (Fig. 2, J and K). 
Still, we cannot completely differentiate between the general cog-
nitive benefits of enhanced proteasome function and specific protec-
tion against AD-related deficits (Fig. 2, J and K). Total arm entries 
were unaltered between groups (fig. S7). In addition to improved 
learning and memory, hAPP(J20);​NSE-PSMB5 mice had a 78% in-
crease in survival time at the 75th percentile versus hAPP(J20) litter-
mates (Fig. 2L).

Proteasome augmentation increases the turnover of APP 
in flies, cultured cells, and mice
Previous reports have shown that APP, BACE1, and -secretase–
activating protein (GSAP) are all degraded by the proteasome and 
that treatment of cells with proteasome inhibitors increases levels of 
BACE1 and GSAP (41–43). Therefore, the protective effects of pro-
teasome augmentation may stem from the degradation of the A 
precursor machinery and substrate, leading to decreased A pro-
duction. In support of this concept, enhancing proteasome function 
in flies that express hAPP and hBACE1 resulted in significantly 
lower levels of hAPP protein (Fig. 3, A and B). Transient overex-
pression of PSMB5 in mammalian SK-N-SH neuroblastoma cells 
reduced APP levels and produced a lower–molecular weight band, 
which may represent an APP degradation product (Fig. 3, C and D). 
We observed less APPGFP fluorescence in cells when cotransfected 

Fig. 2. PSMB5 overexpression increases proteasome function in mice and delays AD-like cognitive deficits and mortality. (A) NSE-PSMB5 transgenic mouse model. 
(B) Immunoblot of PSMB5 normalized to -actin, brains dissected from 3-month-old mice. NTG, N = 6; PSMB5, N = 7. (C) Native PAGE gel of brains dissected from 
3-month-old mice; proteasome content and assembly assessed by incubation with the MV151 fluorescent proteasome probe. This is a broad proteasome inhibitor bind-
ing to active centers and producing fluorescence. Values adjusted to total protein based on Coomassie staining. Purified 20S and 26S proteasome used to identify bands. 
NTG, N = 6; PSMB5, N = 7. (D) Relative proteasome peptidase (chymotrypsin-like) activity, brains dissected from 3-month-old mice (N = 5 to 6). Replicate samples were 
incubated with the proteasome inhibitor bortezomib. (E and F) NSE-PSMB5 reduces AD-like cell death (WST-1 assay) in MC65 AD cell culture model transfected with NSE-
PSMB5, 4 days after tetracycline (TET) withdrawal, N = 24 samples per group. (G) NSE-PSMB5 mice crossed with hAPP(J20) AD model. (H to K) NSE-PSMB5 reduces AD-like 
learning and memory deficits in Morris water maze, Y maze, and novel object recognition assay. All animals were 7- to 8-month-old littermates; NTG, N = 15; PSMB5, 
N = 11; hAPP, N = 14; hAPP;PSMB5, N = 9. (L) NSE-PSMB5 protects against early mortality in hAPP(J20) mice; NTG, N = 38; PSMB5, N = 37; hAPP, N = 55; hAPP;PSMB5, N = 39. 
Animals are littermates. Significance was based on Student’s t test in (B) and (C). Significance was based on two-way ANOVA, followed by Tukey or Bonferroni post hoc 
test in (D), (F), (H), (J), and (K). Significance was based on log-rank test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were used unless otherwise stated. 
N represents the number of animals or samples per group.
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with NSE-PSMB5 and APPGFP compared to cells transfected with 
APPGFP and the NSE empty vector, further supporting the enhanced 
turnover of the amyloid precursor machinery (Fig. 3E).

In our mouse model, we detected significantly lower APP protein 
levels and an associated decline in A in the brain (Fig. 3, F and G). 
Furthermore, hAPP;PSMB5 mice had significantly fewer brain plaques 
detected by X34 staining compared to hAPP mice (Fig. 3H). How-
ever, because hAPP(J20) mice artificially overexpress a mutated hu-
man variant of APP, we wanted to test the capacity for proteasome 
overexpression in a less artificial environment. To do this, we exam-
ined native APP abundance in brain tissue from our proteasome-
overexpressing mice. This model also had depleted APP protein 

levels, supporting the idea that proteasome overexpression can in-
crease APP turnover (fig. S8). We observed a nonsignificant trend 
toward reduced BACE1 levels with enhanced proteasome function 
(fig. S9). These findings suggest that proteasome-related protective 
effects stem at least in part from enhanced turnover/clearance of the 
A precursor substrate.

Proteasome activity is correlated with APP and A protein 
levels in human hippocampal tissues
To evaluate whether changes in proteasome function are biologically 
relevant to AD progression in humans, we evaluated hippocampal 
tissues from age-matched patients with AD and unaffected controls 

Fig. 3. PSMB5 overexpression increases degradation of APP machinery. (A and B) Immunoblot of 70-day-old Elav-GS-GAL4>UAS-hAPP;UAS-hBACE1 and Elav-GS-
GAL4>UAS-hAPP;UAS-hBACE1;UAS-Pros5 flies fed with 400 M RU-486. AD model, N = 12; AD + Pros5, N = 12. Values normalized by -actin. (C and D) Immunoblot of 
APP levels in SK-N-SH cells transfected with either NSE vector (control) or NSE-PSMB5, N = 3. (E) Images of SK-N-SH cells transfected with APPGFP and either the NSE vector 
or NSE-PSMB5, N = 6. (F) NSE-PSMB5 mice crossed with hAPP(J20) AD model. (G) Anti-APP immunoblots in 7- to 8-month-old hAPP(J20) ± NSE-PSMB5 mouse brains. APP, 
N = 9; APP;PSMB5, N = 9. Values normalized by -actin with quantification (left) and A42 ELISA (right); APP, N = 9; APP;PSMB5, N = 9. (H) X34 staining on brain coronal 
sections from hAPP(J20) ± NSE-PSMB5 mice, N = 3 per genotype. Number of plaques per hemibrain were quantified using ImageJ software. (I) Postmortem human hippo-
campal tissue (patients with AD versus age-matched unaffected controls). (J) Postmortem human hippocampal tissue sample lysate, proteasome activity plotted against 
soluble A ELISA or anti-APP immunoblot (N = 35 in total, 11 controls and 24 patients with AD). (K to O) Postmortem human hippocampal tissue sample lysate, protea-
some activity plotted against phosphorylated tau/total tau ratio (L), BACE1 (M), K48-polyubiquitinated (K48-UB) proteins (N), and total polyubiquitinated (poly-UB) pro-
teins (O). N = 23. *P < 0.05 and ***P < 0.001. Significance is based on Student’s t test in (B), (E), (G), and (H). Significance was based on linear regression in (J) to (O). N 
represents the number of animals, samples, or patients per group.
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(patient details in fig. S1). Proteasome function and protein levels of 
APP were negatively correlated (Fig. 3, I and J), as were proteasome 
function and soluble A42 levels (Fig. 3J). While we cannot establish 
causation in this cross-sectional study, these results agree with our 
animal model studies to suggest an interplay between proteasome 
function and levels of APP and A.

Although this study primarily focused on the impact of protea-
some on APP and amyloidosis, we also evaluated levels of tau phos-
phorylation in patient tissues. Here, proteasome activity and tau 
phosphorylation were negatively correlated (Fig. 3, K and L). This 
work agrees with a prior pilot study of seven patients that also showed 
phosphorylated tau (tau phosphorylation) to be higher in patients 
with lower proteasome activity (3). However, further investigation 
of this finding is beyond the scope of the present study. We also 
noted a negative trend between BACE1 protein levels and proteasome 
activity, but, similar to rodent studies, this trend failed to reach sta-
tistical significance (Fig. 3, K and M).

To further investigate the role of the proteasome in AD, we examined 
the prevalence of K48-linked (proteasome-targeted) polyubiquitinated 
proteins, which we found to be negatively correlated with protea-
some activity in patient samples (Fig. 3, K and N). In contrast, associa-
tions between proteasome activity and total polyubiquitinated proteins 
did not reach statistical significance (Fig. 3, K and O). Our findings 
suggest that impaired proteasome function leads to broad proteo-
static dysfunction and accumulation of polyubiquitinated proteins.

Development of novel proteasome agonists, TAT1-8,9TOD 
and TAT1-Dendrite
To determine whether pharmacologic manipulations that enhance 
proteasome function could also ameliorate AD-like progression, we 
developed a set of peptidomimetics that boost proteasome peptido-
lytic capacity. The rational design, optimization, and selected in vitro 
studies are described in detail in (44). Briefly, the design is based 
on the HIV-1 Transcriptional Activator TAR (Tat) protein (45), which 
contains a proteasome-binding RTP motif (REG/proteasome binding) 
shared with the 11S/REG/PA28 proteasome activator (Fig. 4A) (46). 
The full-length Tat protein prevents binding of the 11S regulator to 
the proteasome (46). Since proteasome activation by 11S plays an 
important role in the cellular immune response, the Tat protein com-
petes with 11S as part of its anti-immune strategy (46). Manipula-
tions of the Tat protein sequence led to certain products that could 
activate the proteasome core (44, 47). The goal of our design of 
Tat-derived peptides was to potentiate proteasome activation prop-
erties while obliterating function as a transcriptional transactivator. 
This was accomplished by generation of the TAT1 peptide, a fragment 
with the sequence 48GRKKRRQRRRPS59 (Fig. 4A) (44, 45, 47, 48). 
Very similar peptides derived from the HIV-1 Tat protein (Tat49–57, 
Tat47–57, or Tat48–60) have high capacity to cross the blood-brain barrier 
due to their structure and robust positive charge (49–52). These re-
sults suggested TAT1 as an attractive lead for the design of protea-
some agonists with excellent absorption ability.

Subsequent studies led us to propose a proteasome-targeting 
pharmacophore consisting of a strongly positively charged peptide 
moiety (“activity anchor”) connected by a -type turn inducer to a 
short “specificity clamp” (44). We introduced the synthetic turn stabilizer 
Tic-d-Oic (TOD; Tic: l-1,2,3,4-tetrahydroisoquinoline-3-carboxylic 
acid; Oic: d-octahydroindole-2-carboxylic acid) (53) to the 8,9 position 
of the TAT1 structure to produce TAT1-8,9TOD (Fig. 4, A and B), 
which had superb proteasome activation potency (44). We then 

shortened the basic sequence to triple lysines, which we then multi-
plied into three fragments joined by 3,5-diaminobenzoic acid to 
produce TAT1-DEN (Fig. 4B) (44). The name Dendrite (abbreviat-
ed as DEN) refers to the branched structure of the compound and 
the turn-supporting diaminobenzoic acid. We demonstrated before 
that in vitro, both compounds strongly activated the chymotrypsin-
like peptidase of the purified human core 20S. Under optimized 
assay conditions, TAT1-8,9TOD and TAT1-DEN maximally acti-
vated 20S almost 8- and 10-fold, respectively. The AC50 (concentra-
tion when activation reached 50% of the maximum) for these 
peptides ranged from 200 to 400 nM (44). We confirmed the 
20S-activating power of the compounds in an independent set of 
experiments presented in Fig. 4C. TAT1-8,9TOD and TAT1-DEN 
also activated 26S proteasome assembly in vitro, with maximal fold 
of 3.2 and 2.6 and AC50 of 424 and 281 nM, respectively (Fig. 4C). 
Capacity to in vitro activate both proteasome forms was further 
confirmed using in-gel activity assays for proteasomes separated by 
native PAGE (Fig. 4, D to F, and fig. S10). Both single-capped and 
double-capped assemblies (20S core with one or two 19S regulatory 
particles) were activated (Fig. 4, E and F, and fig. S10). Incubation of 
a purified 26S proteasome with the peptidomimetics before electro-
phoretic separation did not appear to alter the stability of the 26S 
holoenzyme (fig. S11). We also demonstrated the enhanced ability 
of purified 26S proteasome to degrade p53, a model polyubiquiti-
nated substrate, suggesting that TAT enhanced 26S functionality 
(Fig. 4G).

Before introducing the compounds to in vivo models, we per-
formed two additional in vitro tests: stability in human serum and 
membrane permeability. The roughly 2-hour (136-min) half-life of 
TAT1-8,9TOD is relatively short (Fig. 4H); however, such half-lives 
are not uncommon among established drugs, i.e., acetaminophen 
(54). Moreover, stable metabolites retaining the basic activity an-
chor may still preserve biological activity, a notion open for further 
exploration. In turn, TAT1-DEN was found to rapidly lose a single 
Lys in serum then a second Lys from its N termini; however, the 
TAT1-DEN[-2K] metabolite was remarkably stable with a half-life 
of more than 24 hours (Fig. 4H). We found that TAT1-DEN[-2K] 
still activated both 20S and 26S proteasomes in vitro with compara-
ble maximal activation folds but increased AC50 (Fig. 4I). To test the 
penetrance of these compounds across the blood-brain barrier, we 
performed parallel artificial membrane permeation assays (PAMPAs; 
Fig. 4J) with propranolol, Tat47–57, and dermorphin as positive con-
trols, known for their ability to penetrate the blood-brain barrier (49). 
Dopamine was included as a negative control as it is considered a 
compound unable to efficiently cross the blood-brain barrier (55). 
Both TAT1-8,9TOD and TAT1-DEN had good ability to penetrate 
the artificial membrane similar to Tat47–57 and dermorphin, strongly 
suggesting an ability to cross the blood-brain barrier (Fig. 4J).

Proteasome agonists can reduce deficits in survival 
and cognitive functions in fly and cell culture AD models
After encouraging in vitro results indicating strong activation of the 
proteasome, we aimed to establish the efficacy of our compounds in AD 
models. We first demonstrated that flies fed with the compounds in 
their food showed increased proteasome (chymotrypsin-like) activity, 
which was prevented by the addition of the proteasome inhibitor 
bortezomib, indicating that changes were indeed proteasome driven 
(Fig. 5A). We also observed a significant decline in K48-linked 
polyubiquitinated proteins and a slight and nonsignificant decline 
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in total polyubiquitinated proteins in flies fed with the compounds, 
suggesting improved proteostasis (Fig. 5B).

To test the capacity of the peptidomimetics to rescue AD-like deficits, 
we fed our fly AD model with the compounds for 7 days (Fig. 5C). Treated 
flies had reduced AD-like deficits in associative learning measured through 

olfaction aversion training (Fig. 5D). No significant changes in odor prefer-
ence or learned response were observed in control flies fed with these com-
pounds, and the drugs did not alter innate odor preference or shock 
reactivity (fig. S12). In addition, both compounds prevented AD-like mor-
tality, with comparable survival curves to control (non-AD) flies (Fig. 5E).

Fig. 4. TAT1-8,9TOD and TAT1-DEN enhance proteasome activity. (A) HIV-1 Tat and TAT1 pharmacophore. (B) TAT1-8,9TOD and TAT1-DEN. (C) In vitro assays: chymotrypsin-
like peptidase activity of purified 20S (top) and 26S (bottom) proteasomes treated with TAT1 compounds. (D and E) Representative native PAGE overlaid with Suc-LLVY-AMC: 
purified 20S (D) and 26S (E) substrate and vehicle (control) or 1 M TAT1 compounds. Loading quantified by Coomassie. Arrows indicate proteasome assemblies. (E) From 
the top: 26S with two 19S caps, 26S single-capped, free 19S (no proteolytic activity), and free 20S. (F) Fluorescence signals corresponding to distinct proteasome assemblies 
quantified as in (D) and (E). (G) TAT1-8,9TOD and TAT1-DEN enhance degradation of polyubiquitinated p53 by purified 26S proteasome. p53 was in vitro polyubiquitinated 
with the MDM2 Ubiquitin Ligase Kit and incubated with 26S proteasome in the presence of vehicle or 1 M TAT1-8,9TOD or TAT1-DEN. Free and polyubiquitinated p53 
were separated by SDS-PAGE, detected by Western blotting with specific anti-p53 antibodies (left) (fragments of blots in a representative experiment), and their content 
was quantified from blot images (right); N = 5. (H) Serum stability of TAT1-8,9TOD and TAT-DEN. The latter compound was rapidly depleted in serum; however, a metabolite 
with two Lys residues removed from N termini, TAT1-DEN[-2K] was stable for >24 hours The blue trace represents a mixture of TAT1-DEN, [-K], and [-2K]. N = 5; SD covered 
by symbols. (I) The TAT1-DEN[-2K] metabolite of TAT1-DEN retained the power to activate both 20S and 26S proteasomes in a standard in vitro assay. (J) PAMPAs evaluating 
the blood-brain barrier penetrance capacity of TAT1-8,9TOD and TAT1-DEN (N = 5). Propranolol and dermorphine served as positive controls, in addition to Tat47–57 with 
proven blood-brain barrier permeability (49). Dopamine was included as a negative control (55). *P < 0.05, **P < 0.01, and ***P < 0.001. Student’s t test was used unless 
otherwise stated. N represents the number of samples per group or independent experiments.
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Proteasome agonists can enter the mouse brain
To follow on the encouraging PAMPA results (Fig. 4J) and to 
demonstrate the blood-brain barrier crossing ability in vivo, we 
attached a small (165-Da) nitrobenzoxadiazole (NBD) fluorescent 
label to the C terminus of TAT-8,9TOD (serine residue substituted 
with diaminopropionic acid) or the penultimate C-terminal Lys 
of TAT1-DEN (Fig. 6A). Addition of the label did not abolish the 
activation of 20S and 26S proteasomes in vitro (Fig. 6B), making the 
compounds suitable for relevant in vivo tests. Intraperitoneal injec-
tions of TAT1-8,9TOD-NBD or TAT1-DEN-NBD to mice produced 

detectable NBD fluorescence not only in the plasma (N = 3 mice) 
but also in the brain (N = 3) 1 hour later, as compared with control 
(N = 3) (Fig. 6C). This highly encouraging result was further vali-
dated by mass spectrometry (MS; Fig. 6, D to H). We performed a 
series of MS analyses of the peptidic fraction isolated from the brain 
tissue of six independent mice, euthanized 1 hour after intraperitoneal 
injection with either TAT1-8,9TOD or TAT1-DEN (Fig. 6, D to H). 
Our results revealed distinct and reproducible chromatographic 
profiles in brain extracts obtained from mice injected with TAT1-
8,9TOD or TAT1-DEN when compared to vehicle-treated controls 

Fig. 5. TAT1-8,9TOD and TAT1-DEN reduce cell death, cognitive deficits, and proteostatic dysfunction in a fly model of AD. (A) Proteasome peptidase (chymotrypsin-
like) activity in W1118 flies fed with 1 M TAT1-8,9TOD, TAT1-DEN, or vehicle for 24 hours, N = 12, ±proteasome inhibitor bortezomib. (B) Immunoblot against total 
polyubiquitinated proteins and K48-linked polyubiquitinated proteins of flies fed with TAT1-8,9TOD, TAT1-DEN, or vehicle for 24 hours, N = 7 to 8. (C) Schematic for (D) 
and (E). (D) Olfaction aversion training in W1118 or Elav-GS-GAL4>Elav-GS-GAL4>UAS-hAPP;UAS-hBACE1 flies treated for 10 days with 10 M TAT1-8,9TOD, 10 M TAT1-
DEN, or vehicle mixed directly into food; control, N = 79; control with TAT1-8,9TOD, N = 80; control with TAT1-DEN, N = 69; AD, N = 60; AD with TAT1-8,9TOD, N = 68; AD 
model with TAT1-DEN, N = 69. Values shown as percentage of flies in each chamber at the end of the assay. (E) Life-span assay of Elav-GS-GAL4>UAS-hAPP;UAS-hBACE1 
flies treated with 0.25 M TAT1-8,9TOD, 0.25 M TAT1-DEN, or vehicle mixed directly into food; AD, N = 189; AD with TAT1-8,9TOD, N = 195; AD model with TAT1-DEN, 
N = 195; Pros5 O.E., N = 194; AD with Pros5 O.E., N = 242. *P < 0.05, **P < 0.01, and ***P < 0.001. Significance was based on one- or two-way ANOVA in (A), (B), and (E). 
Chi-square test was used in (C). Log-rank test was used in (D).
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(Fig.  6E). The retention times of the signals in the extracted ion 
chromatograms of TAT1 compounds in brain samples were consistent 
with those observed for the reference samples (Fig. 6E, inserts). The 
molecular weight of putative TAT1-8,9TOD determined on the 
basis of +3 and +2 ions (Fig. 6F) was 1577.9427 and 1577.9356, re-
spectively, which corresponds to the calculated monoisotopic mass 
of TAT1-8,9TOD standard (1577.9379).

Because of extreme polarity and poor detectability of TAT1-DEN by 
liquid chromatography (LC)–MS, we performed digestion with trypsin 
to be able to confirm the presence of TAT1-DEN or its metabolites in 
brain tissue. The deconvolution of mass/charge ratio (m/z) signals 
of double- and triple-charged ions (Fig. 6G) enabled the detection of 
peaks representing molecular weights of 1177.9474 and 1177.9492 Da, 

corresponding to the calculated monoisotopic mass of TAT1-DEN 
devoid of one lysine residue (calculated molecular weight is 
1177.8261 Da). Tandem MS (MS/MS) spectrum of +2 ions revealed 
a clear fragmentation pattern, confirming the presence of TAT1-DEN 
metabolite in the brain samples and thus its ability to cross the blood-
brain barrier (Fig. 6H).

Proteasome agonists prevent cell death in APP fragment 
overexpression cell line
All subsequent investigations were focused on TAT1-8,9TOD be-
cause of its deeper characterization. We have reported previously 
that treatment with TAT1-8,9TOD enhances proteasome activity in 
human neuroblastoma SK-N-SH cells (50). Building on that work, 

Fig. 6. TAT1-8,9TOD and TAT1-DEN enter the mouse brain. (A) The TAT compounds tagged with fluorescent label NBD (excitation/emission, 460/590) via a PEG2 linker. 
(B) NBD label did not abolish the potency of TAT1 compounds to activate 20S and 26S proteasomes in vitro. (C) NBD fluorescence detectable in plasma and brain lysates 
from mice injected intraperitoneally with labeled TAT1 compounds euthanized 1 hour after TAT1-8,9TOD (12.6 mg/kg) or TAT1-DEN (9.4 mg/kg; or vehicle) intraperitone-
al injection. N = 3. (D) Mice received an intraperitoneal injection of TAT1-8,9TOD (12.6 mg/kg) or TAT1-DEN (9.4 mg/kg; or vehicle) and were euthanized after 1 hour. 
(E) Extracted ion chromatograms for the brain supernatants of TAT1-8,9TOD (left; m/z 526.90 to 526.99) and TAT1-DEN (right; m/z 590.40 to 590.50). Inserts represent stan-
dards for extracted ion chromatograms for TAT1-8,9TOD standard (1 pmol; diluted with 9 l of the brain supernatant of vehicle-treated mouse) and TAT1-DEN standard. 
The retention time for TAT1-8,9TOD samples was 54.0 ± 0.5 min. The m/z signal corresponds to +3 ion, which deconvolutes to 1577.9356 Da. The retention time for TAT1-
DEN–digested samples was 32.0 ± 0.5 min. (F) Time-of-flight (TOF) MS spectrum of +3 (left) and +2 (right) charged ions of TAT1-8,9TOD before deconvolution correspond-
ing to experimental molecular mass of 1578 Da. (G) TOF MS spectrum of +3 (left) and +2 (right) charged ions of TAT1-DEN[-K] deconvolute to 1177.9474 and 1177.9492 Da, 
respectively (calculated mass of TAT1-DEN[-K], 1177.8261 Da). The corresponding masses are the same for the control sample (trypsin-digested TAT1-DEN standard) and 
digested brain extracts. (H) MS/MS spectra of m/z 590.40 ± 0.6 Da recorded for 32 min at room temperature (RT), which corresponds to TAT1-DEN[-K] double-charged ion. 
Dotted lines indicate signals differing by 129 Da (lysine residue). About 244 peaks of >24 cps (counts per second) were detected, among which 126 were iden-
tified (52.5%).
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we now treated TET-OFF APPN17,C99 overexpression (MC65) cells 
with 1 M TAT1-8,9TOD; treatment reduced APPN17,C99-induced 
cell death versus cells treated with vehicle alone (Fig. 7A).

On the basis of our in vitro data and in vivo MS data that TAT1-
8,9TOD is entering the brain, as well as our fly and cell culture data 
that the agonist can reduce AD-like deficits, we tested whether TAT1-
8,9TOD could reduce AD-like deficits in a mouse model of the dis-
ease. First, to test functionality, we demonstrated that TAT1-8,9TOD 
enhanced proteasome activity in mouse brain 24 hours after treatment 
(Fig. 7B). We verified in a separate experiment that increased proteasome 
activity could be blocked by the proteasome inhibitor N-carbobenzyloxy-
l-leucyl-l-leucyl-l-leucinal (MG132) (fig. S13A) and that activation 
occurred in other non-neuronal organs (fig. S13B).

Proteasome agonists can reduce AD-like deficits 
in hAPP(J20) mice
To test whether our agonists protect mice from AD-like deficits, 
6-month-old hAPP(J20) mice received intraperitoneal injections of 

TAT1-8,9TOD on alternate days for 2 weeks (Fig.  7C). Treated 
mice showed reduced deficits in associative learning and memory 
(novel object recognition assay) versus vehicle-treated hAPP litter-
mate controls (Fig. 7D). Furthermore, TAT1-8,9TOD produced a 
decline in APP and BACE1 protein levels (Fig.  7,  E  to  G), likely 
from increased turnover by the proteasome, with associated decline 
in A (Fig. 7H). We also observed lower levels of K48-linked poly-
ubiquitinated proteins in treated mice with a negative trend in K63-
linked polyubiquitinated proteins (Fig. 7, I and J), suggesting lessened 
proteostatic deficits. These results suggest that our compounds can 
attenuate AD-like deficits and could potentially be tested in new 
therapeutic treatments.

We additionally evaluated the impacts of peptidomimetics on 
autophagic flux. This was accomplished through investigation of 
LC3 ratio. We observed a slight increase in LC3-I and a slight de-
cline in LC3-II. This perhaps suggests an increased autophagial flux 
in hAPP(J20) mice treated with TAT1-8,9TOD (fig. S14). Because 
of the interplay between proteasome and autophagy, this is not 

Fig. 7. TAT1-8,9TOD reduces cognitive deficits, proteostatic dysfunction, and abundance of A machinery in hAPP(J20) mice. (A) Treatment of MC65 cells with 
TAT1-8,9TOD reduces AD-related cell death, based on WST-1 viability assay, N = 24. (B) Proteasome activity in the brain of nontransgenic mice 24 hours after intraperito-
neal injection with TAT1-8,9TOD, N = 5. (C) Treatment schematic; 6-month-old hAPP(J20) mice were treated every 2 days for 14 days with intraperitoneal injections of 
TAT1-8,9TOD (1.26 mg/kg) or vehicle (N = 5). (D) Novel object recognition assay in TAT1-8,9TOD–treated hAPP(J20) mice. (E) Representative immunoblot. (F and G) Immuno-
blots and ELISA of brain tissue from TAT1-8,9TOD–treated hAPP(J20) against (F) anti-APP, (G) anti-BACE1, (H) A42 ELISA, (I) anti–K48-polyubiquitinated proteins, and 
(J) anti–K63-polyubiquitinated proteins. Values normalized by -actin. *P < 0.05 and **P < 0.01. Significance was based on one- or two-way ANOVA in (A) and (B). Student’s 
t test was used in (D) to (J). N represents the number of animals or samples per group.
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completely unexpected. This result indicates that some of the effects 
that we observe could occur through the interplay between the pro-
teasome and autophagy pathways.

Our results demonstrate that proteasome dysfunction is a robust 
and early feature of AD pathology and that its prevention can alle-
viate AD-like symptoms in fly and mouse models of AD. Protective 
effects may be produced at least in part through increased turnover 
of A precursor proteins in animal models, and proteasome func-
tion and abundance of these factors were negatively correlated in 
patient tissues. Last, our novel proteasome agonists can stably pen-
etrate the blood-brain barrier and protect against AD-like deficits 
in fly and mouse models.

DISCUSSION
Impaired proteasome function profoundly affects neuronal proteo-
stasis and is a robust feature of AD, as reported in cell culture and 
mouse models of AD (3–7, 56). Both A, either internal or inter-
nalized, and aggregated tau may inhibit the proteasome’s activity 
(3, 12, 56). Impaired proteasome function has also been reported in 
the brains of patients with AD, in whom the most significant de-
clines occurred in the hippocampus, superior and middle temporal 
gyri, and inferior parietal lobule (1, 3). Our results corroborate these 
findings and expand them. We demonstrate that stage-dependent 
impaired proteasome function in the hippocampus precedes in-
creases in A levels and tau phosphorylation, with a significant de-
cline in proteasome activity arising early in the disease course. We 
and others have previously shown that impaired proteasome func-
tion in the brain is a robust feature of aging in various model organ-
isms (31, 57). Accordingly, we conclude that age-related proteasome 
functional decline may add to AD risk factors. During AD develop-
ment, proteasome function and proteostasis are further compromised 
in a positive feedback loop fashion with deleterious effects.

Numerous studies have demonstrated that proteasome inhibi-
tion replicates many aspects of AD-like neuropathologies. However, 
prior studies have not investigated whether prevention of AD-linked 
proteasome dysfunction may protect against AD-like deficits [re-
viewed in (58)]. Because of the size and complexity of the protea-
some assemblies, manipulating their expression and activity in 
experimental models has posed a challenge. This study used genetic 
approaches and pharmacological intervention to augment protea-
some functions, which we show to prevent cell death in cell culture 
models of AD, as well as reduce cognitive and survival deficits in 
Drosophila and mouse models of AD.

We achieved augmentation of proteasome functions by geneti-
cally increasing proteasome levels or enhancing catalytic activity 
with novel pharmacologic agents. For the former, we used over-
expression of PSMB5/Pros5, the 20S proteasome core subunit 
bearing the catalytic center for peptidase activity. This approach 
was initially used by Chondrogianni et al. (27) and recapitulated by 
several groups, including our own (28–31). Numerous studies have 
suggested that levels of PSMB5/Pros5 are rate limiting and that 
increased proteasome function is driven by the concomitant up-
regulation of other proteasome subunits and increased content of 
proteasome assemblies (27–29). Here, we show increased content of 
other proteasome subunits with PSMB5 overexpression. Proteasome 
activation may contribute to these observed effects, as suggested by a 
study that used PSMB5 overexpression (30, 31). Our quantification 
of the proteasome assemblies labeled with the specific fluorescent 

competitive inhibitor MV151 and separated by native PAGE re-
flects primarily the content of proteasomes. However, it may also be 
affected by the accessibility of active sites to the substrate-mimicking 
label inhibitor, thus, to some extent, reflecting assembly activity.

Proteasome inhibition by small molecules is an anticancer 
strategy used for almost 20 years (59). To the contrary, specific pro-
teasome activation is still at a preclinical stage, with promising 
but nevertheless limited reports concerning mostly the 20S core 
(44, 60–64). Recent notable examples include fluspirilene analogs 
that activate the 20S proteasome in vitro and prevent its inhibition 
by A oligomers (64). We developed a set of novel peptidomimetics 
that allosterically activate the proteasome in vitro (44). These com-
pounds activate the core proteasome (44) and the 26S holoenzyme. 
Previously reported enhancement of 26S proteasome activity oc-
curred via regulation of proteasome phosphorylation by small mol-
ecules (65), not directly via an activator, as we present here. Our 
TAT1-8,9TOD and TAT1-DEN compounds showed potent effects, 
were nontoxic, and could penetrate the blood-brain barrier. Further-
more, they ameliorated AD-like pathologies in model systems, with 
effects comparable to those achieved by genetic augmentation of 
the proteasome.

The proteasome has critical roles in many cellular functions, in-
cluding the prevention of apoptosis, presynaptic vesicle transport, 
and synaptic plasticity (4–6, 66). Proteasome impairment results in 
altered cleavage and abundance of different parts of the amyloid 
precursor pathway (41–43). Thus, we focused here on proteasome 
function in relation to the turnover of APPs and downstream A. 
Prevention of proteasome dysfunction in our models reduced the 
abundance of APP and, in turn, prevented the accumulation of A. 
These findings appear robust and reproducible across varied APP 
overexpression models of the AD.

A critical question in future research will be whether augmentation 
of proteasome function can also improve outcomes in tau models of 
AD. As with A, tau oligomers directly interact with and inhibit 
proteasome function (3, 56), and A-induced inhibition of the pro-
teasome appears to drive tau accumulation (67). In this study, higher 
proteasome activity was correlated with lower tau phosphorylation 
in patient tissues (fig. S5). Last, studies wherein tau was specifically 
targeted for increased degradation by the 26S proteasome have shown 
promising results (68, 69), further suggesting that up-regulating 
proteasome activity could be an effective treatment for AD. It is also 
both possible and plausible that some protective effects of protea-
some overexpression stem from mechanisms independent of APP/
tau turnover.

We have previously reported that preventing age-related protea-
some dysfunction in the brains of flies blocked age-related declines 
in cognitive function (31). Thus, certain improvements that we ob-
served in the present study may represent prevention of age-related 
declines. However, we observed prevention of cognitive deficits 
(evaluated by Morris water maze tests) in AD mouse models to a 
level comparable to that of nondisease control with proteasome 
overexpression, but we did not observe further improvements in 
non-AD mice. Likewise, although we did observe increases in novel 
object recognition with proteasome overexpression in mice from 
both AD and non-AD backgrounds, the effects only reached signif-
icance in AD mouse models. Thus, we conclude that AD-relevant 
improvements in cognitive functions occurred independently of aging-
related benefits, although we cannot rule out some AD-independent 
functional improvements.
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Artificial overexpression of APP, used to model AD-like deficits 
in both our fly and mouse systems, causes axonal transport defects, 
leads to accumulations of C-terminal fragments of APP, and induces 
neurotoxicity. To date, it is not clear whether these events are related 
to the pathogenesis of AD.

In conclusion, we show that proteasome dysfunction is a robust 
and early feature of AD in human tissues and animal models. Pre-
vention of proteasome dysfunction in cell culture, fly, and mouse 
models of AD ameliorated cognitive deficits and survival. Protec-
tive effects that we observed stem, at least in part, from increased 
degradation of APP, resulting in reduced A. Last, we developed 
a set of novel proteasome agonists that hold therapeutic poten-
tial for AD.

MATERIALS AND METHODS
Fly lines and strain maintenance
UAS-Pros5 (21794) (70), UAS-hAPP.Abeta3-42 (64217), and Elav-
GS-GAL4;UAS-hAPP;UAS-hBACE1 (56756) stocks were obtained 
from the Bloomington Drosophila Stock Center (NIH P40OD018537). 
All lines were maintained on agar-cornmeal-dextrose-yeast growth 
medium (71) in a humidified 24°C incubator with 12-hour light/
dark cycles. All crosses were set up with female virgins of the respec-
tive GAL4 driver line and male UAS-Pros5 or W1118 flies. Prog-
eny were collected within 48 hours of eclosion and allowed to mate 
on 10% sugar/yeast (SY10) medium (72) for another 48 hours. 
Females were then separated and sorted into sets of 25 flies per vial 
containing SY10 medium supplemented with either 400 M mife-
pristone (RU-486) or ethanol vehicle, mixed directly into the food. 
Blue dye #1 (8 M) was added to food containing RU-486 for the 
purpose of identification. Carbon dioxide was used to briefly anes-
thetize flies for sorting. Flies were moved to vials of fresh medium 
every 2 to 3 days.

Mice
hAPP(J20) (36, 73, 74) and NSE-PSMB5 mice were maintained by 
heterozygous crosses with C57BL/6J mice (the Jackson Laboratories, 
Bar Harbor, ME). Nontransgenic littermates were used as controls. 
Mice were housed in ventilated cage racks with up to five animals 
per cage under 12-hour light/dark cycles at 24°C. Mice were moni-
tored daily by UT Health San Antonio Laboratory Animal Resources 
staff and were transferred to new cages weekly.

Mouse dissection
Mice were anesthetized through inhalation of isoflurane until breath-
ing could no longer be observed. After animals were decapitated, the 
brain was then isolated, divided into hemispheres, and flash-frozen. 
Tissues were then powdered using a liquid nitrogen–chilled pestle 
and mortar. Following powdering, tissue powder was weighed then 
resuspended and lysed in an assay-dependent buffer.

Fly brain dissection and immunostaining
Flies were anesthetized through inhalation of CO2. Flies were then de-
capitated, and brains were isolated and fixed in 4% paraformaldehyde. 
Samples were washed twice with phosphate-buffered saline (PBS) and 
then incubated overnight at 4°C with an antibody to A (15126, Cell 
Signaling Technology), washed thoroughly, and incubated with second-
ary anti-mouse antibodies. Brains were mounted using 4′,6-diamidino-
2-phenylindole–containing mounting medium (VECTASHIELD).

Cell culture
Cells were cultured in EMEM (Eagle’s Minimum Essential Media) 
(SK-N-SH) or Dulbecco’s modified Eagle’s medium (MC65) supple-
mented with 10% heat-inactivated fetal bovine serum and antimicrobials 
[penicillin (100 U/ml), streptomycin (100 g/ml), and amphotericin B 
(0.25 g/ml); Gibco-Invitrogen). Incubators were maintained at 
5% CO2 and 37°C. Medium was replaced every 3 to 4 days. For most 
experiments, cells were seeded at 100,000 cells/ml in either 6-well or 
96-well plates 24 hours before assay. In most cases, medium was 
replaced with serum-free Opti-MEM medium 24 hours before assay.

Transfections and imaging
Cells were seeded at 75,000 cells per well in six-well plates. They were 
transfected the next day with 1.4 g of NSE-PSMB5 vector or NSE 
empty vector control plus 1 g of APPGFP vector per well using Lipo-
fectamine LTX and Plus reagent (#15338030, Thermo Fisher Scientific) 
following the manufacturer’s instructions. Cells were passaged to 
96-well plates the day after transfection for some experiments. Cells 
were imaged with the Incucyte system (Sartorius), and images were 
analyzed with the manufacturer’s software for green fluorescent pro-
tein (GFP) fluorescence intensity normalized by cell confluence.

Neuron-specific enolase PSMB5
A full-length mouse PSMB5 plasmid was used (MR203485, Ori-
gene). PSMB5 was excised to remove the Myc-DDK tag then cloned 
into the ShuttleNSE empty vector (50958, Addgene) adjacent to the 
NSE promoter. The NSE-PSMB5 region was excised and microin-
jected into (C57BL/6 X SJL) F2 mouse eggs at the University of 
Michigan Transgenic Animal Model Core. Mice were then bred 
into a C57BL/6J background for three generations. To control for 
the mixed backgrounds of mice, all experimental comparisons were 
made between littermates.

X34 staining
Mouse hemibrains were cryopreserved by covering them slowly 
with powdered dry ice and then stored at −80°C. Serial coronal 
brain sections (10 m; approximate bregma, −1.82 mm) were cut 
using a cryostat, mounted on positively charged (Superfrost Plus) 
slides, and stained using X34, a fluorescent marker of -sheet struc-
tures that intensely labels amyloid plaques and vascular amyloid. 
Briefly, slides were fixed using 4% paraformaldehyde for 30  min, 
washed with PBS, and stained with 10 M X34 (pH 10) in 40% eth-
anol for 10  min, and then washed and differentiated with 0.2% 
NaOH in 80% ethanol for 2 min. Last, slides were washed again and 
mounted using VECTASHIELD mounting medium (Vector Labo-
ratories) with propidium iodide. Images were taken using a Key-
ence BZX fluorescence microscope (20× Nikon objective). Amyloid 
plaques per hemibrain were quantified using ImageJ software and 
plotted using the GraphPad Prism program.

Quantitative polymerase chain reaction
mRNA was isolated using standard TRIzol methods, and cDNA 
was prepared using a high-capacity cDNA reverse transcriptase kit 
(Applied Biosystems). Quantitative polymerase chain reaction was 
carried out using SYBR Green and normalized to -actin.

Peptide synthesis
Synthesis and purification were performed as described previously for 
TAT1-8,9TOD (53) and TAT1-DEN (44). Briefly, each synthesis 
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was carried out on a solid support in a microwave-assisted mode using 
the Fmoc/tBu methodology. Incorporation of NBD fluorescent tag was 
performed by attaching it to the C-terminal (TAT1-8,9TOD) or penul
timate (TAT1-TOD) residue of the agonist’s sequence. To provide 
orthogonal protection during the sequence assembling, Lys(ivDde) 
and Dap(ivDde) derivatives [diaminopropionic acid (Dap)] were 
used in TAT1-DEN and TAT1-8,9TOD, respectively, and the 
N-terminal amino acid residues were incorporated as the N--Boc 
derivatives. The ivDde moiety was selectively removed using a 5% 
solution of hydrazine in N,N′-dimethylformamide and microwave 
heating at 60°C for 10 min. The PEG2 spacer was attached to the 
deprotected side-chain amine group of Lys or Dap, followed by 
coupling of NBD tag. The compounds were cleaved from the sol-
id support, purified by reversed-phase high-performance LC, and 
characterized with MS. Each compound was of >99% purity. For 
mice experiments, the peptides were solubilized in dimethyl sulfoxide 
(DMSO) and then diluted in filtered PBS. For NBD experiments, 
mice were injected with compounds by intraperitoneal injections 
then euthanized 1 hour later. Tissue was dissected as described in 
the “Mouse dissection” section then lysed in ice-cold PBS.

Patient samples
Flash-frozen hippocampal tissue was provided by the NIH Neuro-
Bioank. Tissues were provided by multiple repositories; thus, some 
sites provided brain slices, while others provided powderized tis-
sues. Samples were requested to have a postmortem interval of less 
than 24 hours, from patients between 50 and 80 years old. Samples 
were powderized if needed and the materials weighed. For protea-
some activity assays, samples were resuspended and homogenized 
in proteasome activity buffer (see the Supplementary Materials for 
assay details). For immunoblot and enzyme-linked immunosorbent 
assays (ELISAs), samples were homogenized in tris-buffered saline 
(TBS) supplemented with protease inhibitors. The soluble fraction 
was then removed for assays. We observed no significant links be-
tween proteasome activity and postmortem interval (fig. S15).

In vitro proteasome activity assay
Purified human 20S (housekeeping) and 26S proteasomes were 
purchased from Boston Biochem Inc. (Cambridge, MA; 20S) and 
Enzo Life Sciences (Farmingdale, NY; 20S and 26S), with at least 
three distinct batches used for separate experiments. For purified 
protein studies, the chymotrypsin-like activity was tested with 50 M 
Suc-LLVY-AMC model substrate, in a 96-well plate format, as 
previously described (47). The reaction buffer consisted of 50 mM 
tris-HCl (pH 8.0). For testing the activity of the 26S holoenzyme, 
the buffer was supplemented with “MAD”: 1 mM MgCl2, 2 mM 
ATP, and 1 mM DTT (dithiothreitol).

For studies of lysates, the reaction buffer used to test ATP-
stimulated activity was 50 mM tris-HCl (pH 7.8) supplemented 
with 1 mM MgCl2, 0.5 mM ATP, and 1 mM DTT. The reaction buffer 
used to measure ATP-independent proteasome activity consisted 
of 50 mM tris-HCl (pH 8.0) supplemented with 1 mM MgCl2 and 
1 mM DTT.

Purified proteasomes were preincubated with the substrate in 
reaction buffers for 10 min at room temperature (RT) before the 
TAT compounds or vehicle (DMSO; 1%, v/v) was added and the 
reaction carried for 1 hour at 37°C, with fluorescence readings at 
1-min intervals (Fluoroskan Ascent plate reader). The reaction 
rates were calculated from a linear segment of kinetic curves. The 

rates and titration curve fittings were computed using Slope Ana-
lyzer and Enzyme Kinetics applications within Origin Pro 2019. 
The data presented are averages ± SD from three to five indepen-
dent experiments.

For testing of activity in tissue lysates, animals were intraperito-
neally injected (mice) or fed with TAT1 peptidomimetics mixed 
into their food stock (flies). Animals were euthanized, and tissues 
were flash-frozen and then powdered with liquid nitrogen–chilled 
pestle and mortar. Tissues were then lysed by mechanical lysis in 
reaction buffer. The resulting supernatant was used for further ex-
periments. The volume of buffer used was based on tissue weight. 
Assays were initiated by the addition of 50 M Suc-LLVY-AMC. For 
some assays, 1 M proteasome inhibitor, MG132 or bortezomib, 
was added 5 min before incubation with Suc-LLVY-AMC. The re-
action was carried out with readings at 5-min intervals for a period 
of 4 hours at 37°C.

Separation of proteasomes by nondenaturing PAGE 
for activity and stability assessment
Purified human 20S and 26S proteasomes (as above) were separated 
by tris-glycine PAGE, in 4% acrylamide gels (casted in-house) or 
6% gels (Novex, Invitrogen). Two micrograms of 20S and 6 g of 
26S per line were loaded. For stability experiments, proteasomes 
before separation were preincubated with TAT1-8,9TOD, TAT1-
DEN, or DMSO at RT for 10 min. Electrophoresis was run at 4°C 
for 3  hours at 70 V. The gels were then stained with colloidal 
Coomassie Brilliant Blue (stability experiments, after in-gel activity 
experiments) or subjected to in-gel activity assay. For the latter, the 
gels were overlayed with 50 mM tris-HCl (pH 8.0) containing 100 M 
Suc-LLVY-AMC, MAD, and 1 M TAT1-8,9TOD, Tat1-DEN, or 
vehicle. After 30 min of incubation at RT, the gels were photo-
graphed in ultraviolet (UV) light, and the intensity of fluorescence 
of the degradation product was quantitated in ImageJ. For proteasome 
stability assessment, the intensity of Coomassie-stained proteasome 
bands in photographed gels was quantitated in ImageJ. Quantita-
tive results obtained with 4% (images in Fig. 4) and 6% gels (images 
in fig. S10) were undistinguishable and were processed together.

For tissue experiments, samples were individually homogenized 
by pestle in 100 l of chilled proteasome buffer [50 mM tris, 5 mM 
MgCl2, 1 mM DTT, and 0.5 mM ATP (pH 7.4)]. Samples were vor-
texed and then centrifuged at 21,000g at 4°C for 15 min. Superna-
tant was incubated with 1 M proteasome probe MV151 for 1 hour 
at 4°C and then run on 10% tris-glycine nondenaturing polyacryl-
amide gels (Bio-Rad) in Native Gel Buffer (diluted from 20×; Life 
Technologies) supplemented with 5 mM MgCl2, 1 mM DTT, and 
0.5 mM ATP to maintain proteasome assembly. Gels boxes were 
surrounded by ice and run in a 4°C refrigerator at 100 V for 1 hour, 
followed by an additional 3 hours at 250 V. MV151 labeling was 
then measured by fluorescence under UV and ImageQuant 4000 
(GE Healthcare), using 312-nm excitation and measuring emis-
sions between 585 and 625 nm. Coomassie stain was used as a total 
protein loading control.

Drosophila life span assays
Flies were transferred to fresh medium, and survival was scored ev-
ery 2 to 3 days. dLife software (75) was used to record survival and 
to compare median and maximum life span via log-rank analysis. 
Vials were randomized in terms of tray position and semiblinded to 
reduce the impacts of environment or investigator bias.
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Olfactory aversion training
Experiments were performed as described in (25). Animals were ex-
posed (via an air pump) in alternation to two neutral odors (3-octanol 
and 4-methylcyclohexanol, prepared as a 1:10 dilution in mineral 
oil) for 5 min under low red light, and a 100-V 60-Hz shock was 
applied during exposure to one of the two odors. The odor associated 
with the electric shock was alternated between vials. After three 
training rounds per odor, animals were given 1 hour to recover then 
placed in a T maze (CelExplorer Labs) with opposing odors from 
either side. Flies were allowed 2  min to explore the maze, after 
which the maze sections were sealed, and the number of flies in each 
chamber was scored.

Spontaneous activity and circadian rhythm
Spontaneous activity was monitored using a TriKinetic activity 
monitor, in which vials containing 20 to 25 flies were secured, and 
activity was recorded in a humidified 24°C incubator with 12-hour 
light/dark cycles as described above. Flies were allowed to acclimate 
for 8 hours before data collection. Activity was averaged for each 
12-hour cycle and normalized per fly.

Cell viability
Cells were maintained in a clear 96-well plate. On the day of assay, 
10 l of WST-1 reagent (11644807001, Sigma-Aldrich) was added 
to each well, and cells were incubated in a 37°C, 5% CO2 incubator 
for 2 to 4 hours. Absorbance was measured at 450 nm using a Gemini 
series spectrophotometer.

Morris water maze
This test provides measures of hippocampal-dependent spatial 
learning and memory (76–79). A 121-cm water maze was used. An-
imals were given a series of four trials, ~30 min apart, per day for 
5 days to find a submerged platform (~1 cm below water level) in a 
large tank filled with water made opaque through the addition of 
white tempera-based nontoxic paint at 23.0° ± 1.0°C, in a room that 
the operators entered only to introduce and remove the animals 
from the pool. The pool was surrounded by large panels with geo-
metric black and white designs that serve as distal cues. Maximum 
trial time was limited to 60 s, whereupon mice were guided to the 
platform. Mice were allowed to remain on the platform for 5 s and 
then were gently towel-dried and moved to their home cage under 
a heating lamp until dry. At the end of training, a probe trial was 
conducted where the platform was unavailable to measure the re-
tention of the former platform location. The time each animal spent 
in the quadrant formerly containing the platform and the number 
of passes over that location provided a measure of memory. At the 
end of the probe trial, the platform was raised to its previous loca-
tion to maintain response reinforcement contingency. On week 2 of 
training, reversal learning was tested by changing the location of the 
platform to the quadrant opposite to the one used during initial 
learning, followed by a second probe trial. Data were collected using 
TopScan (CleverSys) by operators blinded to genotype.

Novel object recognition test
To measure recognition of a previously encountered object, animals 
are placed in an opacified rat cage with bedding for 10 min. The 
following (training) day, mice are returned to the chamber, which 
now contains two identical objects (3 cm by 3 cm by 8 cm), and al-
lowed to explore the arena for 5 min. The percent of time exploring 

each object is recorded using TopScan. During testing (4 hours after 
training), one of the objects in the box is replaced with a new object, 
and the side of the replaced object is randomized among animals. 
Mice are given 5 min to explore the two objects, and the percent 
time exploring each object is recorded using TopScan. A discrimi-
nation ratio calculated as (tnovel − tfamiliar)/(tnovel + tfamiliar) is used as 
a measure of retention of the previously encountered object (posi-
tive and negative discrimination ratio values indicate a preference 
for exploration of the novel and familiar objects, respectively).

Y maze
Working memory is assessed by placing animals in a Y-shaped maze 
made of white Plexiglas with three arms, with equal angles between 
all arms. Each animal is placed in an arm of the maze and allowed to 
move freely around the apparatus, while the sequence and number 
of arm entries for each animal during a 5-min period are recorded 
manually by an experimenter blinded to the genotype. The number 
of spontaneous alternations, which occur when a mouse enters a dif-
ferent arm of the maze in each of three consecutive arm entries (e.g., 
ABC, CAB, or BCA but not BAB), was counted, and percent alterna-
tion was calculated as: (# of spontaneous alternations)/(total arm 
entries − 2) × 100.

Stability of TAT peptides in plasma
Stock solutions (10 mM) of the peptides were mixed at a ratio of 1:1 
with human plasma (Merck) to a final concentration of 500 M.  
The samples were incubated in a ThermoMixer (Eppendorf AG, 
Hamburg, Germany) at 37°C with continuous shaking at 300 rpm. 
At each time point, in the range of 0 to 48 hours for TAT1-DEN and 0 
to 150 min for TAT1-8-9TOD, 100 l of aliquots were taken and 
mixed with 15% trichloroacetic acid [3% (w/v) final concentration]. 
Samples were centrifuged at 18,000 rpm for 15 min, after which pre-
cipitates were removed, and 5 l of the resulting supernatant was 
subjected to ultrafast high-performance LC (Nexera-I UHPLC, 
Shimadzu, Kyoto, Japan). The samples were analyzed using a Luna 
Omega (polar) column (Phenomenex) with an internal diameter of 
2.1 mm, a length of 100 mm, and a particle size of 1.6 m. The mobile 
phase A was Milli-Q water/0.1% trifluoroacetic acid (TFA), and the 
mobile phase B was 80% aqueous solution of acetonitrile (ACN) con-
taining 0.1% TFA. The flow was 0.3 ml/min, and the column tem-
perature was 40°C. A linear, 15-min gradient of 2 to 50% B was 
applied for an analysis of TAT1-DEN, and 2 to 100% B was chosen 
for TAT1-8,9TOD. The peptides were detected at 223 nm and quan-
tified with the LC Solution software (Shimadzu, Kyoto, Japan). The 
stability tests were performed in triplicate. The half-life time (T1/2) 
of the peptides was calculated using the SigmaPlot 12.3 software. 
The exponential equation estimates based on fitting of two or three 
logistic parameters were used. The original TAT1-DEN sequence 
was stable for less than 4 min and subsequently transformed into 
metabolites with one or two Lys residues clipped from N termini; 
the latter metabolite was stable for more than 24 hours.

Parallel Artificial Membrane Permeability Assay (PAMPA)
PAMPA was performed in 96-well MultiScreen-IP filter plates 
(Millipore Corp., Bedford, MA), consisting of a donor and an accep-
tor plate, assembled in a sandwich format. Propranolol hydrochloride 
(Sigma-Aldrich), dermorphin (Bachem), and Tat47–57 (synthesized 
in-house) were used as positive controls. Dopamine hydrobromide 
(Sigma-Aldrich) was included as a negative control. The 10 mM 

D
ow

nloaded from
 https://w

w
w

.science.org at G
dansk U

niversity of T
echnology on M

arch 07, 2024
D

o
w

nl
o

ad
ed

 f
ro

m
 m

o
st

w
ie

d
zy

.p
l

http://mostwiedzy.pl


Chocron et al., Sci. Adv. 8, eabk2252 (2022)     8 June 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

15 of 18

stock solutions of the tested and control compounds were pre-
pared in water. The 500 M working solutions of each compound 
were obtained by dissolving the stocks in 0.1 M PBS (pH 7.4), pre-
pared from PBS tablets (Sigma-Aldrich), and supplemented with 
DMSO. The final DMSO concentration in the samples was 5%. In 
separate tubes, 200 M equilibrium standards in 5% DMSO in PBS 
were prepared for each test and control compound (if the compound 
is able to permeabilize the membrane and fully reach equilibrium, 
then 200 M will be the final concentration of solution in the donor 
and acceptor wells).

The porcine brain lipid membrane (PBL; Avanti Polar Lipids Inc.) 
was prepared as a 2% (20 mg/ml) solution in anhydrous dodecane 
(Sigma-Aldrich). The polyvinylidene difluoride filter surface in the 
donor wells was covered with 5 l of the PBL solution, and the mi-
crotiter plate was shaken for 30 s at 400 rpm in a plate shaker to en-
sure even distribution of the PBL membrane. The working solution 
(200 l) of each sample was added to the PBL-coated donor wells in 
four to five repetitions. The blank control was 5% DMSO in PBS. The 
acceptor wells were filled with 300 l of 5% DMSO/PBS. The donor 
plate was placed on the top of the acceptor plate to create a sand-
wich. The assembled plate was disposed in a zip-lock bag, together 
with a water-wetted filter paper, and tightly closed to limit the evap-
oration of the solution. The assembly was incubated for 20 hours at 
37°C, shaking at 250 rpm to guarantee good solvent mixing. Six rep-
licates of the experiment were conducted.

After the incubation, the sandwich was disassembled, and 100 l 
of the acceptor solutions was transferred to a 96-well UV transparent 
plate (Greiner flat-bottom UV-star microplate). Because peptides dis-
play maximum absorption in the range completely obscured by 
DMSO absorption, the absorbance was measured for propranolol 
only at 290 nm (Infinite M200 Pro plate reader, Tecan). For the re-
maining samples, fluorescence measurements were performed after 
the reaction of the compounds with 0.02% fluorescamine in anhy-
drous acetone. Briefly, 60 l of PBS, 30 l of fluorescamine solution, 
and 10 l of the acceptor solution were mixed in wells of a Costar 
flat-bottom black plate. The plate was incubated for 5 min at RT while 
shaken at 400 rpm in a plate shaker. Then, the fluorescence intensity 
was measured (excitation at 388 nm and emission at 462 nm; Infinite 
M200 Pro plate reader, Tecan). In a similar way, the absorbance and 
fluorescence intensity were measured for equilibrium standards of 
propranolol and the remaining compounds, respectively.

The rate of passive diffusion was calculated as linear velocity of 
permeation (Pe), using the following equation

	​​ ​P​ e​​  =  C × − ln​(​​1 − ​ ​OD​ A​​ ─ ​OD​ E​​ ​​)​​ cm / s​​	

where ODA is the absorbance/fluorescence of the acceptor solution, 
ODE is the absorbance/fluorescence of the equilibrium standard, 
and C was calculated as follows

	​ C  = ​   ​V​ D​​ × ​V​ A​​  ──────────────  (​V​ D​​ + ​V​ A​​ ) × area × time ​  cm / s​	

where VD is the volume (in cubic centimeters) of the donor well, VA 
is the volume (in cubic centimeters) of the acceptor well, area is the 
effective area of the membrane (0.24 cm2), and time is the incuba-
tion time (in seconds). The data represent an average of six inde-
pendent biological repeats.

In vitro degradation of polyubiquitinated substrate
To prepare a substrate for purified human 26S proteasome, p53 was 
polyubiquitinated with a MDM2 Ubiquitin Ligase Kit–p53 Substrate 
from Boston Biochem Inc. (Cambridge, MA), under conditions rec-
ommended by the manufacturer. After 15 min of polyubiquitination, 
26S proteasome in buffer containing 1 M TAT1-8,9TOD, TAT1-
DEN, or vehicle was added to the reaction mixtures, and the reac-
tion was carried out for 1 hour at 37°C. The reaction was stopped by 
the addition of SDS-PAGE buffer, as recommended. The samples 
were separated by SDS-PAGE (10% acrylamide tris-glycine precast 
Novex gels from Invitrogen, Carlsbad, CA), transferred to nitrocel-
lulose membrane in a semidry system, and probed with anti-p53–
specific monoclonal antibodies provided in the kit. Molecular weight 
standards Chameleon Duo (LI-COR Biosciences, Lincoln, NE) were 
run alongside reaction samples in each gel. Visualization of p53 was 
performed with an Odyssey Infrared Imaging System (LI-COR, 
Lincoln, NE) with secondary antibodies from Cell Signaling Tech-
nology (Danvers, MA).

Immunoblotting
Tissues were chilled in liquid nitrogen and then homogenized using 
a pestle and mortar, which had also been chilled with liquid nitrogen. 
The homogenate was incubated in radioimmunoprecipitation assay 
buffer supplemented with protease inhibitors at 4°C for 15 min and 
was subjected to vortexing every 5 min. The homogenate was then 
centrifuged at 15,000g for 5 min, and the supernatant was removed. 
Lysate protein content was determined using a BCA assay. Samples 
were mixed with Laemmli sample buffer supplemented with 5% 
-mercaptoethanol and boiled at 95°C for 5 min before immuno-
blotting. Blots were evaluated against anti-PSMB5 (ab140450, Abcam), 
anti-APP (ab126732, Abcam), anti-BACE1 (ab183612, Abcam), anti-
tau (MAB361, EMD Millipore), anti–phospho-tau (NM1060, Thermo 
Fisher Scientific), and anti–-actin (ab8227, Abcam).

Mass spectrometry
Intact protein sample preparation
Brain samples were homogenized in a cold methanol:water 1:1 
solution and centrifuged. Ten microliters of the brain supernatant 
was diluted with 20 l of a denaturing solution (7 M urea, 2 M 
thiourea, and 20 mM DTT) and added dropwise to 900 l of ice-
cold acetone. The resulting suspension was shaken at 4°C for 1 hour 
and centrifuged at 19,000g. The supernatant was discarded, and the 
air-dried pellet was taken up in 70% ACN containing 0.1% TFA and 
12 mM HCl. This mixture was shaken at 4°C for 1 hour and then 
centrifuged again. The supernatant was lyophilized, and the powder 
was resuspended in 0.1% formic acid (FA) and analyzed by LC-MS.
Digested protein sample preparation
The brain supernatant samples were added dropwise at 1:4 ratio to 
ice-cold acetone, incubated for 1 hour at −20°C, and then centri-
fuged at 15,000g. The supernatant was discarded, and the air-dried 
pellet was dissolved in a mixture of 6 M urea and 10 mM thiourea. 
The samples were incubated for 1 hour at 60°C, with continuous 
shaking, then diluted with ammonium bicarbonate (pH 7.6) (final 
buffer concentration, 50 mM), and centrifuged at 12,000g. One mi-
crogram of either trypsin or chymotrypsin prepared according to 
the manufacturer’s instructions (Promega Co., USA) was added 
to the supernatant, and the resulting solution was incubated for 
20 hours at 37°C in a thermoshaker at 300 rpm. The samples were 
then centrifuged, and the supernatant was analyzed by LC-MS.
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LC-MS analysis
LC-MS was performed using a Thermo Fisher Scientific UltiMate 
3000 (Thermo Fisher Scientific, USA) nano-LC system connected 
in-line to a TripleTOF apparatus (Sciex, Framingham, MA). The 
samples were concentrated and desalted using trap cartridges and a 
3-min flow of a loading buffer (10 l/min; 2% ACN in 0.1% TFA). 
The nondigested and the trypsin-digested samples were concentrat-
ed on a C18 5-m PepMap100 sorbent (300 m × 5 mm; Thermo 
Fisher Scientific, USA) and then applied to a fused-silica analytical 
column packed with PepMap 2-m sorbent (75 m  ×  250 mm; 
Thermo Fisher Scientific, USA). The trap cartridges with C18–RP1 
sorbent (75 m × 10 mm; Phenomenex, USA) were used to concen-
trate and desalt the chymotrypsin-digested samples, which were 
then separated on a core-shell column with BioZen Polar 3-m sor-
bent (75 m × 150 mm; Phenomenex, USA).

Analytical gradient was performed by a linear increase in mobile 
phase B (0.1% FA in 80% ACN) in mobile phase A (0.1% FA in 
water), from 2 to 40% B in 20 min, and then to 99% B for 40 min, 
with a flow rate of 300 nl/min. The column oven temperature was 
set to 35°C. Peptides eluting from the column were ionized in Opti-
flow nano-ion source (electrospray ionization) and introduced to 
Sciex TT6600+ mass spectrometer at positive ionization mode. MS 
operation parameters were as follows: spray voltage, +5.5 kV; nebu-
lizer gas (N2) pressure, 96.5 kPa; collision energy, +10 V; declustering 
potential, +90  V; source temperature, 210°C. Full-scan range was 
set at m/z 350 to 1500 and 100 to 1500 for the intact and digested 
samples, respectively. Each full scan was followed by fragmentation 
of the top 10 most intense precursor ions with charge from +2 to +5. 
The collision energy was from 25 to 50 eV, with 10-eV spread. The 
Analyst 1.8 (Sciex, Canada) software was used for data collection, 
and PeakView 2.2 (Sciex, Canada) was used for their visualization.

Statistics
Statistics were performed with OriginPro 2020 (OriginLab), Prism 
9.0 (GraphPad Software), and Microsoft Excel. We compared groups 
of data using two-tailed Student’s t tests or one-way analysis of vari-
ance (ANOVA) after we confirmed the normal data distribution 
with Kolmogorov-Smirnov tests. Post hoc Tukey test was applied 
for comparisons of multiple groups. If the normality test failed, the 
nonparametric Kruskal-Wallis test was applied, and the Dunn test 
was used for between-group comparison. Differences in animal life 
spans were analyzed using log-rank tests. Results of olfaction aver-
sion training in flies were analyzed with chi-square tests. Linear 
regression analysis was used to establish significance of interaction 
between proteasome function and levels of APP, BACE1, and A in 
hippocampal tissue samples from patients. Response of protea-
somes to increasing compound concentrations was approximated 
with nonlinear fit functions (OriginPro 2020). If the fit converged 
at the established chi-square tolerance value, then we calculated 
the corresponding AC50 and maximum fold of activation. The same 
approach was also used for fitting TAT stability data. Statisti-
cally significant differences between populations were assumed 
if P < 0.05.

Study approval
All mouse studies performed were approved by the Institutional 
Animal Care and Use Committee at the University of Texas 
Health Science Center at San Antonio (protocol 20170040AR; 
Pickering, PI).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2252

View/request a protocol for this paper from Bio-protocol.
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