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Small molecules have been discovered to stimulate the 20S core particle (CP) of the proteasome to
degrade proteins. However, the impact a 20S CP stimulator can have on the regulation of protein levels
has not been fully characterized. Previous studies have focused on using one kind of stimulator to
enhance the degradation of specific 20S CP substrates. We present here a study that utilizes several 20S
CP stimulators to determine how each can affect the degradation of proteins in a biochemical assay
with purified proteins and of an overexpressed GFP-fusion protein in cells. We also evaluate the effects
of two stimulators on the whole cellular proteome in HEK-293T cells using label-free quantitative
proteomic analysis for a broader understanding on their impact. Our studies demonstrate that 20S CP
stimulation is likely to promote the degradation of significantly disordered proteins; however, the
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specific effect on the regulation of protein levels appears to be dependent on the mechanism of action
of each stimulator due to the dynamic nature of the 20S CP. Our results reveal the potential of tailoring
small molecule stimulators to influence the degradation of certain protein types and 20S CP substrates.
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Introduction

The most common cellular pathway regulating the proteolysis
of misfolded and damaged proteins is the ubiquitin-dependent
proteasome system (UPS)."”> For this degradation pathway,
ubiquitin-tagged proteins are recognized and degraded by the
26S proteasome, comprised of the 19S regulatory particle (19S
RP) and 20S core particle (20S CP) (Fig. 1A). The 20S CP alone
can accept and degrade proteins in a ubiquitin-independent
system (UIPS).>* In this case, proteins are not ubiquitinated
and must be disordered enough to enter the catalytic core
without being denatured by the 19S RP (Fig. 1A). The UIPS
has been shown to play an important role in the degradation of
oxidatively damaged proteins during times of cellular stress.”>™®
It has also been hypothesized that the 20S CP alone is respon-
sible for degradation “by default” in which proteins that
contain a high degree of intrinsic disorder are degraded.’ A
number of endogenous substrates of the 20S CP have been
identified, all of which are considered intrinsically disordered
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proteins or contain intrinsically disordered regions.'*™* These
proteins often function as part of a complex with other proteins
to prevent their ‘“default” degradation by the 20S CP. The
stimulation and enhancement of proteasome activity has
recently emerged as an exciting new field of study, and this
pathway has been suggested as a possible therapeutic avenue for
disease states marked by accumulation of damaged or dis-
ordered proteins, such as aging, Parkinson’s, and Alzheimer’s
disease.">* Specifically, stimulation of the 20S CP has recently
been shown to be promoted by small molecules, leading to a
more rapid degradation of disordered proteins.’®° While these
studies have focused on particular proteins that are known 20S
CP substrates, it is currently unclear how many, or what types of
proteins may be affected by enhancing this degradation process.

To answer this question, we chose to evaluate several small
molecule stimulators that have been shown to affect 20S CP
activity to various degrees in our FRET assay.”” Using these
stimulators, we analyzed their effect on the 20S CP-mediated
degradation of 15 different purified proteins to determine what
types of proteins are more rapidly turned over in the presence
of various 20S CP stimulators. We then utilized a fluorescent
peptide probe and GFP-fusion proteins to demonstrate the effi-
cacy of our small molecule stimulators in HEK-293T cells. To gain
a deeper understanding of the impact of 20S CP stimulators in a
cellular environment, we performed an untargeted label-free
quantitative proteomic analysis of HEK-293T cells treated with a
20S CP stimulator and compared these results to cells also treated
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(A) 26S and 20S CP isoforms of the proteasome. (B) Structures of the small molecule stimulators of the 20S CP utilized for this study. (C) The effect

of each of the stimulators in (B) was analyzed using our FRET assay to determine a dose—response impact on 20S CP activity. (D) The FRET assay was also
used to examine how each stimulator impacts the activity of the 26S proteasome (A). ***p < 0.001.

with a 20S CP inhibitor. Our results indicate that small molecule
stimulators of the 20S CP are likely to increase the degradation of
highly disordered proteins. However, the impact of a stimulator
on the regulation of proteins by the 20S CP appears to be
dependent on the mechanism of 20S CP enhancement. Taken
altogether, our study demonstrates the potential of tailoring small
molecule stimulators of the 20S CP to induce a rapid degradation
of particular target proteins.

Results and discussion

Characterizing the activities of small molecule stimulators of
the 20S CP

To begin our study, we chose four small molecule stimulators
of the 20S CP that have various impacts on 20S CP activity:
AM-404 (AM), an AM-404 derivative (TRC-1), ursolic acid (UA),
and miconazole (MO) (Fig. 1B and C). While the effective
concentration to induce 50% of the maximum stimulatory
activity of the 20S CP (ECs;,) achieved by UA and TRC-1 differ
greatly, the EC50s of AM and MO are both between 20-25 puM.
Because AM and MO were shown to have the greatest stimulatory
activity in our FRET assay, we chose to use 25 pM for every
molecule in the subsequent analyses. At this concentration, the
molecules stimulate the activity of the 20S CP 70% (TRC-1),
215% (UA), 406% (MO), and 538% (AM) over the control level of
activity, providing a range of activities that can be used for
further experiments, Fig. 1D.

To evaluate how each of these molecules influence 20S CP
activity, we chose to look at the chymotrypsin-like activity using

© 2021 The Author(s). Published by the Royal Society of Chemistry

the Suc-LLVY-AMC reporter, which is specific for the beta-5
subunit of the 20S CP (Fig. S1, ESIT). Prior to the addition of the
small molecule stimulators, the 20S CP was pre-treated with
DMSO (control), 250 pM sodium dodecyl sulfate (SDS), or
10 nM bortezomib (Btz), a beta-5 subunit inhibitor. Using this
reporter, UA displayed the greatest stimulatory activity, increas-
ing 20S CP activity more than 300% over the basal level control.
Compared to the results of the FRET assay, AM and MO
were much less active, stimulating activity only 132% and
60%, respectively. TRC-1 was shown to have no effect on the
activity of the beta-5 subunit in this assay. Pre-treatment
with SDS, a known 20S CP stimulator, resulted in an apparent
additive effect when UA was included; however, when the
other stimulators were added, the activity of the strongest
stimulator was most prevalent. For example, inclusion of
TRC-1 or MO did not affect the activity of SDS alone, whereas
the presence of SDS had a minimal impact the stimulatory
activity of AM (Fig. S1A, ESIf). Including 10 nM Btz decreased
all observed activities by approximately 40-50%, indicating that
the observed effects of our small molecules were due to
proteolytic cleavage by the 20S CP. The apparent differences
in how each stimulator impacted the hydrolysis of Suc-LLVY-
AMC and the FRET peptide reporter point to distinct mechanisms
of action for each stimulator.

Since we are most interested in stimulators of the 20S CP, we
first confirmed that these molecules do not significantly affect
the activity of the 26S proteasome. Previously reported 20S CP
stimulators, such as SDS (Fig. S1B, ESI{), have been shown to
lack stimulatory activity on the 26S proteasome."'®'® We
therefore repeated the FRET assay to evaluate the impact of
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each of our stimulators on the 26S proteasome (Fig. 1A). None
of the molecules we tested were able to significantly impact
26S-mediated hydrolysis of the FRET peptide reporter, Fig. 1D.
As the 20S CP is not bound to a regulatory particle, this
seems to suggest that the presence of a regulatory particle,
which is present in the 26S proteasome, may prevent or
disrupt the activity of these molecules. With this understand-
ing, we then evaluated how the various stimulatory activities of
these molecules shown in our activity assays translate to the
20S CP-mediated degradation of a protein substrate.

Stimulated 20S CP-mediated degradation of proteins in vitro

It has been widely reported that the 20S CP is capable of
degrading proteins with minimal structure, allowing only
mostly disordered or damaged proteins to enter the gate to be
hydrolyzed.”*® However, it is currently unknown if a small
molecule stimulator will only cause the 20S CP to degrade
endogenous substrates more quickly, or if the inclusion of a
stimulator will result in the acceptance of proteins not normally
degraded by the 20S CP. To systematically determine the types
of proteins the 20S CP can degrade in the absence or presence
of a small molecule stimulator, we chose a diverse pool of
proteins that varied in length/size and amount of disorder as
calculated by the PONDR VSL2 algorithm.>” Utilizing a similar
approach to what has been done previously, we evaluated
protein degradation in a biochemical assay using purified
human 20S CP (5 nM) to which was added 200 ng of the protein
and 25 uM of a 20S CP stimulator."® After incubating for 2 h at
37 °C, the 20S CP activity was quenched with 4x SDS gel
loading buffer. The amount of the protein of interest was then
determined after performing an SDS-PAGE gel and analyzing
band intensities, Fig. 2B and Appendix I. These intensities were
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then compared between samples to evaluate the degree of
protein degradation in the presence of each stimulator, Table S1
(ESIY). The statistical analysis of these results is shown in Table S2
(ESIY).

After analyzing the degradation of each protein in the
absence and presence of the stimulators, we separated the data
into two sets based on protein size: proteins smaller than
20 kDa and proteins larger than 20 kDa. The basal level of
degradation in each data set followed the trend observed
previously: proteins with a greater degree of disorder are more
easily degraded by the 20S CP.

Proteins that were not degraded by the 20S CP in our assay
were still not significantly degraded by the 20S CP after the
addition of three of our stimulators, Fig. 2C and D and Fig. S2A
and B (ESIt). Four of the proteins we tested: lysozyme, GAPDH,
BSA, and carbonic anhydrase (CA-II) were not degraded by the
20S CP alone. Only the addition of MO changed the calculated
degradation of lysozyme, BSA, and CA-II, whereas TRC-1, UA,
and AM had no effect on the degradation of these proteins.
The levels of GAPDH remained the same in all cases. In
addition, only the degradation of a-synuclein and Tau, which
are approximately 92% and 98% disordered, respectively, was
significantly increased by all four stimulators. These two
proteins had the highest level of basal degradation, indicating
that proteins that are easily accepted by the 20S CP are the
most likely to be impacted by a 20S CP stimulator. Since the
20S CP is best known for degrading intrinsically disordered
proteins and oxidatively damaged proteins, which are
common pathological proteins in diseases marked by protein
accumulation, our results here add credibility to the prospect of
20S CP stimulation as a therapeutic avenue in these disease
states.

A. C. Smaller than 20 kDa D. Larger than 20 kDa
Protein Mw % Disordered 100— 100
Lysozyme 16 kDa 8 Bl Basal Level B Bl Basal Level f
GAPDH 36 kDa 12 MO
Actin 42kDa 17 B 757 T 757 Ml
3 . AM I g
Gankyrin 24kDa 25 b v . AM
BSA 69 kDa 31 S 50 I I 5 50-
CarbonicAnhydrase 2| 29 kDa a7 a I g
Cytochrome C 12kDa 37 2 25- 2 25 I I I
Interferon Gamma 19kDa 41 I l ]
p16 16.5kDa 45 i i id i
TDP-43 45kDa 57 s & A R . 01" T T
p53 44kDa 68 PPN AR S & & ‘éi\“ FrLFES
Calmodulin 17 kDa 69 &£ «° aﬁo" F ¥ & < &
p21 18kDa 76 v &° <ig & <
a-Synuclein 14 kDa 92 Rl A
[Tau (1-383) Isoform D| _ 42 kDa 98 Increasing % disorder Increasing % disorder
SDS-PAGE Gel Analysisof
Protein of Interest
O T
S i.‘o; ‘& No  Latent Stimulated
o5 Y LX 20SCP 20SCP 20SCP
5 o
s ° s
No Latent  Stimulated Gel Band Density

20SCP 20SCP  20SCP Quantitation

Fig. 2

(A) Table of proteins utilized in biochemical protein degradation assay. These proteins varied in size and % disorder. (B) Overview of the protein

degradation assay. Results of the assay for miconazole and AM-404 are shown in (C) for proteins smaller than 20 kDa and (D) protein larger than 20 kDa.

For each graph, the proteins are shown in order of increasing disorder.
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We also observed that each small molecule stimulator had a
different impact on the degradation of proteins less readily
degraded by the 20S CP. MO was shown to more greatly impact
the degradation of smaller proteins, indicating that this mole-
cule may enhance the acceptance of proteins by the 20S CP
(Fig. 2C). For this assay, there was a greater concentration of the
smaller proteins, so an observed increase in degradation could
be a result of increased acceptance of these proteins. An
increase in acceptance is also corroborated by the observed
degradation of the proteins that were not degraded by the 20S
CP alone in the 2 h incubation time period. The impact of MO
on the degradation of smaller proteins compared to larger
proteins is an unexpected result and potentially offers an
undiscovered mechanism of 20S CP stimulation. With the
exception of p21, AM appears to more significantly increase
the degradation of proteins that are greater than 50% disor-
dered, such as TDP-43, p53, calmodulin, a-synuclein, and Tau,
compared to more structured proteins. Similarly, UA and TRC-1
increased the degradation of a-synuclein and Tau much more
than that of other proteins (Fig. S2A and B, ESIt). Because the
20S CP is known to degrade intrinsically disordered proteins, it
is not surprising that a-synuclein and Tau, which are both
greater than 90% disordered, would be the most sensitive to
20S CP stimulation, even in the presence of our least active
stimulators, UA and TRC-1.

The results of this assay indicate that the impact of a small
molecule stimulator of the 20S CP on the degradation of a
particular protein is likely dependent on the particular mecha-
nism of action of the stimulator and is not necessarily related to
the potency of the stimulator observed in biochemical activity
assays. While our degradation assay provides an easy, straight-
forward method of analyzing 20S CP-mediated protein degra-
dation of a particular protein, there are a few limitations. It is
possible that our small molecules can bind to our proteins of
interest and affect its degradation in this manner, since there is
significantly more small molecule than protein in solution. In
addition, this assay mimics a restricted environment, unlike
that of a cell. In this environment, the 20S CP may degrade
some proteins that are not endogenous cellular substrates, due
to cellular location or the action of regulatory proteins. How-
ever, these initial results are exciting because we determine that
not all stimulators modulate protein degradation in the same
way, indicating the potential for selective modification of 20S
CP activity.
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Monitoring stimulated 20S CP-mediated degradation in cellulo
using a fluorescent probe

In order to gain a greater understanding of how a 20S CP
stimulator would impact proteasome activity in HEK-293T cells,
we chose to utilize TAS3 (Fig. 3A), a selective proteasome
activity reporter shown to be sensitive to proteasome stimula-
tion in cells.”® HEK-293T cells were pre-incubated with DMSO
(control, 1 h), bortezomib (Btz, a 20S CP inhibitor, 1 h), TRC-1,
UA, MO, or AM (all stimulators, 30 min) before performing the
assay. Due to this short incubation time period, we used a
much higher concentration of Btz (10 uM) than has been used
for longer term studies. After this incubation period, the media
was removed, and the TAS3 probe with the appropriate control
or compound was added to the cells. Because our molecules are
not covalent modulators, it is important to keep the cells in the
presence of the compound being tested throughout the assay.
The fluorescence intensity of the probe was monitored over
time to determine if the stimulators were capable of enhancing
proteasome-mediated hydrolysis of the probe in cells. The
results reveal a significant increase in fluorescence intensity
compared to the control in the MO sample, Fig. 3B and C. AM
was also able to enhance probe hydrolysis but to a lesser extent
than MO. TRC-1 marginally increased activity over the control,
and UA had no impact. Since MO and AM were shown to be the
most effective in cells, we chose to continue our studies with
only these stimulators.

Degradation of GFP-fusion proteins in cellulo

To evaluate how MO and AM affect the degradation of an
overexpressed protein in HEK-293T cells, we chose to analyze
the degradation of three proteins from our biochemical assay
(actin, p53, and a-synuclein) fused to GFP (Fig. 4A and Appen-
dix II). We chose to use the GFP-fusions because this allowed us
to use the anti-GFP antibody, rather than a separate antibody
for each of the proteins, limiting the variability during the
analysis. These fusion proteins were transiently transfected in
HEK-293T cells, which were then treated with DMSO, 25 UM
AM, or 25 uM MO. Rather than looking for the disappearance of
a protein, we analyzed the amount of free GFP that accumulates
by western blotting cell lysates with an anti-GFP antibody.'> We
then determined the amount of the protein fused to the GFP
that had been degraded by using a ratio of the amount of free
GFP to that of the fusion protein. The effect of the stimulator on

c' ARFU/min
-~ DMSO
o 25uMTRC1 Sample Rate
25 UM UA DMSO 73.12
25 yM MO TRC-1 80.43*
-+ 25 MAM UA 67.18
-=- 10 uM Btz MO 138.6"
AM 90.73**
20 40 60
Time (min) Btz 57.26**

(A) Structure of TAS3 peptide probe. (B) The relative fluorescence units (RFU) recorded on the plate reader were plotted against time. Btz was

included as a control and was able to decrease proteasome activity by approximately 22% (**p < 0.01). MO and AM were shown to increase activity 90%
(***p < 0.001) and 26% (**p < 0.01), respectively. TRC-1 had a 10% increase (*p < 0.05), and UA had no effect on TAS3 probe hydrolysis. (C) The change

in fluorescence units per time for each of the samples in (B).
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treated with DMSO (basal level), 25 pM MO, or 25 pM AM for 24 h. (E) Followin
were able to increase the degradation of these proteins to different extents.

degradation was then determined by comparing this ratio to
that of the basal level control (DMSO). Because we did not use
cycloheximide to stop protein synthesis, the levels of the over-
expressed fusion protein were not expected to be significantly
different between samples. For this assay, we made the assump-
tion that GFP degradation by the 26S proteasome or through
the autophagy pathway would be consistent for all samples.

After transfecting HEK-293T cells to express the actin-GFP
fusion and dosing with the small molecule stimulators, both
MO and AM were able to significantly increase the degradation
of actin (Fig. 4B). While both of these small molecules did
increase the degradation of actin in our biochemical assay by
2.9-fold with MO and 3.1-fold with AM, the fold-change in
degradation observed in our cellular assay is much lower for
both of these compounds (Fig. S3A, ESIY), indicating the
importance of using more than one technique to determine if
a protein’s degradation rate can be affected by a 20S CP
stimulator.

We also chose to look at a fusion of GFP and p53, which is a
known endogenous substrate of the 20S CP.'® However, p53 is
an essential cell cycle and tumor-suppressor protein; increasing
its degradation could increase a cell’s susceptibility to becom-
ing cancerous.”® We were therefore interested in seeing how
our small molecule stimulators affected the levels of a p53-
fusion protein in an overexpression model. Similar to actin,

640 | RSC Chem. Biol., 2021, 2, 636-644
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(A) HEK-293T cells were transiently transfected to express three different GFP-fusion proteins: actin (B), p53 (C), or a-synuclein (D). The cells were

g quantitative analysis of the western blot, we determined that MO and AM

both MO and AM were able to increase the degradation of p53,
with MO having a greater effect, Fig. 4C. This is opposite from
what was shown in the biochemical assay, in which AM was the
only small molecule that increased p53 degradation to a
significant extent of 2.3-fold over basal level (Fig. S3B, ESIT).
As our cellular assay is using an overexpression model, it is
unclear how our small molecules would impact the degradation
of endogenous p53.

The last fusion we used was GFP-a-synuclein (GFP-uSyn,
Fig. 4D). ao-Synuclein, as previously mentioned, is a highly
intrinsically disordered protein and is also a known endogenous
substrate of the 20S CP.** In our biochemical assay, we showed
that the degradation of a-synuclein was significantly enhanced
by all stimulators. This percent increase in degradation in the
presence of both MO and AM was greater than the increase in
degradation observed for both actin and p53. After analysis of
the GFP-a-synuclein fusion, the degradation of a-synuclein in the
presence of MO or AM was greatly and significantly increased
over the DMSO treated samples to a similar extent to what was
shown in our biochemical assay (Fig. S3C, ESIt).

The increases in the degradation of actin and p53, which are
approximately the same size, were similar for the MO-treated
samples, while a-synuclein degradation was largely enhanced
in the presence of MO, Fig. 4E. These results corroborate that of
the biochemical assay, in which MO had the greatest impact on

© 2021 The Author(s). Published by the Royal Society of Chemistry
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smaller proteins and those that are highly disordered. Similarly,
AM was shown to have a more significant impact on proteins
that had a greater degree of disorder in the biochemical assay.
This is also observed in our cellular assay, in which AM was
shown to more greatly increase the degradation of a-synuclein, a
highly intrinsically disordered protein, compared to actin and
p53, Fig. 4E. While the degrees of protein degradation differed in
our biochemical and cellular assays, the trends we observed for
each small molecule stimulator remain consistent.

Proteomics analysis of HEK-293T cells treated with 20S CP
stimulators

While the studies with purified proteins and overexpressed
proteins in cells have provided interesting insight into the
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types of proteins that can be affected by a 20S CP stimulator,
these studies do not indicate the extent to which a 20S CP
stimulator would impact total protein levels in a cell. To
determine this, we performed label-free quantitative proteomic
analysis of HEK-293T cells in the presence of MO or AM. These
samples were then compared to the DMSO control and to
samples treated with both 10 nM Btz and MO/AM to evaluate
which changes in endogenous protein levels in the stimulator-
treated cells were due to proteasome activity. Although
HEK-293T cells are not known to be particularly reliant on
the activity of the 20S CP isoform, our study with the GFP-
fusion proteins indicates that 20S CP activity in these cells can
be modulated to impact protein degradation after 24 h of
treatment.
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(A) Percent of protein levels that increased or decreased in the Btz (left), MO (middle), or AM (right) treated samples compared to a DMSO treated

control. (B) Gene ontology analysis of the proteins shown to be upregulated or downregulated in each of the treatments shown in (A). (C) We compared
the changes in protein levels due to MO/AM treatment with the changes in the same protein levels in the Btz-MO/AM treated samples to determine
which protein level changes were due to proteasome activity. The log,(fold change) of proteins that significantly changed and were shown to be
regulated by proteasome activity in the MO (D) and AM (E) treated samples. Each dot represents a particular protein and the impact of MO/AM (blue) or
Btz-MO/AM dual treatment (orange) on the protein levels compared to DMSO. The purple dots represent proteins in the Btz-MO/AM samples that were
significantly changed (log,(FC) > 0.5; p < 0.05) compared to DMSO. Known 20S CP substrates in the MO (F) or AM (G) treated samples shown to
decrease due to proteasome activity.
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After treatment, the cells were washed several times with
PBS prior to cell lysis, and the protein was obtained for further
analysis. LC-MS/MS-based label-free quantitation provides a
convenient way to assess a high number of proteins in each
sample and determine how protein levels change after treat-
ment. After analysis, we were able to detect 2200-3200 proteins
in each sample (Fig. S4, ESIf). Each treated sample was
compared to the DMSO-treated control to examine the fold-
change of each individual protein level and to determine which
proteins were significantly impacted. First, we examined the
proteins that increased or decreased in each stimulator or
inhibitor treated sample as compared to the DMSO samples
(Fig. 5A and Fig. S4, ESIT) Those proteins that had a log,(fold-
change) of at least 0.5 with a p-value less than 0.05 were
considered to be significantly different than the DMSO control.
As anticipated, Btz caused many changes in protein levels,
affecting 29% of proteins, Fig. 5A. Both MO and AM had a
much smaller impact, changing 11% and 5.8% of proteins,
respectively. Based on this analysis, it is important to note that
stimulating the 20S CP does not impact nearly as many protein
levels as the proteasome inhibitor, Btz. This result is not
surprising, as Btz will inhibit all forms of the proteasome,
having a drastic impact on many protein levels and cellular
systems, whereas the 20S CP stimulators should be affecting
only the 20S CP isoform of the proteasome. To determine which
cellular pathways were being impacted by each of these treat-
ments, we performed a Gene Ontology biological process
analysis of the proteins that were significantly upregulated or
downregulated in the Btz-, MO-, or AM-treated samples
(Fig. 5B). This analysis again shows that Btz treatment has a
much broader impact on cellular pathways than treatment with
either MO or AM. Importantly, Btz was shown to upregulate
many of the proteasome subunit protein levels (Fig. S5, ESIT),
which has previously been reported by several groups.**'
While both MO and AM were shown to downregulate proteins
involved in the peptide biosynthetic process (GO:0043043) and
response to heat (GO:0009408), which were both upregulated
with Btz treatment, the extent to which either of these pathways
was affected and the effect on other pathways was distinct for
each stimulator. Similarly, both AM and MO were shown to
upregulate proteins involved in the cellular amino acid meta-
bolic process (GO:0006520), but the other upregulated path-
ways differed for each stimulator treatment. More potent
stimulators are required to further elucidate the effects an
increase in 20S CP activity can have on these pathways.

To determine which changes in protein levels were due to
proteasome activity in the MO- or AM-treated samples, we
compared how the proteins shown to be upregulated or down-
regulated in these samples changed in the corresponding dual-
treatment with Btz (Btz-MO or Btz-AM). For this analysis, we
looked for an opposite or reduced change in protein levels since
the proteasome inhibitor Btz should reduce or prevent the
effect caused by the proteasome stimulators, MO or AM, as
demonstrated in our biochemical 20S CP activity assay (Fig. S1,
ESIY). For the Btz-MO and Btz-AM samples, we looked specifi-
cally at the proteins shown to change with MO or AM treatment;
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a reduction in the log,(fold change) of at least 0.5 or, for the
proteins that were minimally upregulated or downregulated, a
50% decrease in the effect observed in the MO or AM samples
were considered to be significantly regulated (Fig. 5C-E). While
the log,(fold change) of at least 0.5 is standard, a cut-off of 50%
was chosen because the inclusion of 10 nM Btz in the bio-
chemical 20S CP assay resulted in a similar decrease in the
effect of MO or AM on 20S CP activity. From this comparison,
173 proteins (71.5%, Table S3, ESIt) of the 242 proteins shown
to change in the MO treatment were due to proteasome activity,
whereas only 102 proteins (57.6%, Table S4, ESI{) of the 177
proteins were related to proteasome activity in the AM treat-
ment. This seems to indicate that MO is a more specific
stimulator of the 20S CP than AM and has fewer off-target
effects that result in significant changes in protein levels.

A previous proteomics evaluation of HeLa cells identified a
number of proteins as 20S CP substrates.** Using this list, we
wanted to determine how many known 20S CP substrates
decreased due to proteasome activity in the MO- and AM-treated
samples. This evaluation revealed enhanced degradation of 12
known 20S CP substrates with MO treatment and 4 substrates
with AM treatment (Fig. 5F and G). Only two of the known
substrates were shown to decrease in both treatments, again
indicating distinct impacts on protein degradation with each
stimulator. Similar to what was performed for the biochemical
protein degradation assay, we chose to look at the size and
percent disorder of each of the substrates in Fig. 5F and G.
Almost all of the substrates were shown to be greater than 40%
disordered, though there was not a clear correlation between
the percent disorder and log,(fold change). MO did impact
more lower molecular weight proteins (5 proteins < 50 kDa)
compared to AM (no proteins < 50 kDa); however, the levels of
very large proteins (> 100 kDa) were shown to decrease in both
treatments. This analysis reinforces that the degradation of
proteins with a high degree of structural disorder is more likely
to be enhanced in the presence of a 20S CP stimulator com-
pared to less disordered proteins. However, each stimulator
appears to have a distinct effect on protein regulation by the
20S CP.

Conclusion

The findings of this study demonstrate, for the first time, that
small molecule stimulators of the 20S CP can have different
impacts on protein degradation, though proteins with a high
degree of structural disorder are likely to be affected even by
weak small molecule stimulators. This reveals the dynamic
nature of the 20S CP, as small molecule stimulators can have
a variety of mechanisms of action to change protein degrada-
tion activity. Further studies are necessary to identify and
understand these mechanisms of action and how they might
be manipulated to more fully control the population of proteins
that undergo enhanced degradation in the presence of a 20S CP
stimulator. However, this study reveals that the amount of 20S
CP stimulation and the types of proteins affected can likely be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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controlled by structural modification of stimulators with vary-
ing mechanisms of action.
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