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A B S T R A C T   

Aggregates or oligomeric forms of many intrinsically disordered proteins (IDPs), including α-synuclein, are 
hallmarks of neurodegenerative diseases, like Parkinson’s and Alzheimer’s disease, and key contributors to their 
pathogenesis. Due to their disordered nature and therefore lack of defined drug-binding pockets, IDPs are 
difficult targets for traditional small molecule drug design and are often referred to as “undruggable”. The 20S 
proteasome is the main protease that targets IDPs for degradation and therefore small molecule 20S proteasome 
enhancement presents a novel therapeutic strategy by which these undruggable IDPs could be targeted. The 
concept of 20S activation is still relatively new, with few potent activators having been identified thus far. 
Herein, we synthesized and evaluated a library of dihydroquinazoline analogues and discovered several prom
ising new 20S proteasome activators. Further testing of top hits revealed that they can enhance 20S mediated 
degradation of α-synuclein, the IDP associated with Parkinson’s disease.   

Neurodegenerative diseases such as Alzheimer’s disease (AD) and 
Parkinson’s disease (PD) are predicted to become the second-most 
prevalent cause of death in the next 20 years, making the discovery of 
disease-modifying therapies an urgent need.1,2 Currently there are no 
such treatments for any neurodegenerative diseases, further exacer
bating the problem.3–5 Although the pathogenesis of these diseases is 
unclear, the accumulation and aggregation of intrinsically disordered 
proteins (IDPs) in affected cells is a common feature among them. IDPs 
are a class of soluble proteins that generally function as regulatory and 
signaling proteins and are unique in their ability to interact with 
numerous binding partners due to their disordered nature.6,7 Unfortu
nately, when these IDPs accumulate within neurons these same features 
contribute to their aggregation, resulting in harmful signaling events 
and neurotoxicity.8–12 Additionally, IDPs are difficult to target using 
traditional small molecule drug design because of a lack of defined 
binding pockets. 

The proteasome is a large enzyme complex that is responsible for the 
proteolytic degradation of misfolded, redundant and damaged proteins 
within the cell.13–17 The proteasome exists in equilibrium between the 

26S and 20S forms and both serve important roles in maintaining 
cellular homeostasis. This equilibrium is dictated by the reversible 
docking of 19S regulatory units (caps) on the 20S core particle to form 
the fully assembled 26S proteasome. These caps give the 26S protea
some the ability to recognize and unfold ubiquitinylated proteins fol
lowed by their proteolytic degradation. The 20S proteasome lacks these 
19S caps and constitutes the catalytic core particle of the proteasome. 
This core particle consists of four stacked concentric rings, two α-rings 
and two β-rings, each made up of 7 subunits.18,19 The top and bottom 
α-rings act as a gating mechanism to restrict access to the inner catalytic 
core of the proteasome.20,21 This inner core is made up of the two β-rings 
and contains 6 total catalytic sites with two chymotryptic-like, two 
tryptic-like and two caspase-like threonine protease activities. The 20S 
proteasome is, unlike the 26S, unable to recognize ubiquitinylated 
proteins, nor can it unfold and degrade structured proteins.18–21 

Consequently, the 20S is restricted to the degradation of IDPs and other 
unfolded proteins. As a result, the 20S plays a critical role in the regu
lation of free cytosolic levels of IDPs.13,17,22 

IDP levels can become dysregulated as we age due to oxidative stress, 
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reduced proteasome activity and changes in IDP production.23–29 The 
result is accumulation and aggregation of IDPs like α-synuclein (α-syn) 
or amyloid beta (Aβ) as seen in PD and AD, respectively.10,12,30–38 Due to 
this role in the regulation of cellular IDP levels, enhancing 20S 
proteasome-mediated proteolysis has recently emerged as a potential 
therapeutic strategy for the treatment of neurodegenerative 
diseases.39–44 

Our lab recently reported the discovery of a novel 20S proteasome 
activator, TCH-165, which induces a conformational change in the 
α-ring of the 20S proteasome.45,46 This leads to an “open-gate” confor
mation that allows easier access of IDP substrates to the catalytic core of 
the 20S, thereby enhancing the rate of their degradation. This method 
for 20S proteasome enhancement shows potential as a new therapeutic 
strategy by which accumulation and subsequent aggregation of IDPs can 
be prevented.40,45,47 Despite findings like these, there are still relatively 
few reported small molecule activators of the 20S proteasome48 and 
many still suffer from limitations, such as low potency, off-target effects 
and poor drug-like properties.40,45,49–54 The continued exploration of 
20S proteasome activation as a therapeutic method for neurodegener
ative diseases will require additional molecular scaffolds to be explored 
to identify new lead molecules for testing in model systems. As part of an 
effort to expand upon the imidazoline-mediated allosteric proteasome 
modulators,55–57 we screened a range of structural motifs for new 20S 
proteasome enhancers. Herein, we report on the structure activity 
relationship (SAR) and efficacy of a novel class of dihydroquinazoline- 
based 20S proteasome activators. 

The synthesis of dihydroquinazolines is accomplished via our 
recently reported one-pot multicomponent reaction of amides, amines, 
and aldehydes (Scheme 1).58 This method involves in situ imine forma
tion from an amine and an aldehyde in the presence of molecular sieves, 
followed by tandem assembly of the heterocyclic ring through succes
sive Tf2O-mediated amide dehydration, imine insertion, and Pictet- 
Spengler-like cyclization. The multicomponent nature of the method 

permits the construction of highly diverse dihydroquinazolines due to 
the compatibility of a wide range of simple starting materials. A small 
library of dihydroquinazolines was generated using the multicomponent 
method to probe the ability of members of this class of compounds to 
activate the 20S proteasome. Compounds chosen to populate the library 
differed in their structural features at the 7-, 2-, and 3-positions (R1, R2, 
and R3, respectively) of the heterocyclic scaffold (Figure 1). Variation at 
the 7- and 2-positions was accomplished using select amides (e.g. 1 – 9), 
while the substituents at the 3-position were introduced using chosen 
amines (e.g. 10 – 24). R1 and R2 groups introduced from the starting 
amides provided preliminary structure activity relationship information 
which was utilized for the construction of the remaining members of the 
compound library in which the R3 group was varied. Simple alkyl and 
alkoxy substituents were explored at R1, along with the absence of any 
additional group at this location (e.g. 1 – 4), and the investigated R2 

substituents included alkyl and cycloalkyl groups to compare them to 
the aromatic counterpart (e.g. 5 – 9 vs 2). A range of R3 substituents 
were installed to include aryl and heteroaryl groups (e.g. 10 – 13), 
tethered heteroaryl groups (e.g. 14 – 15), and alkyl groups with varying 
ring and heteroatom placement (e.g. 16 – 24). 

Screening of this small library of dihydroquinazolines was performed 
in two stages. In the first stage, each compound was screened at 3 
concentrations (3, 10 and 30 μM) to select lead agents. 

Secondly, lead agents were further analysed using full concentration 
responses (6-point titration ranging from 1.25 μM-40 μM) for each of the 
three proteolytic activities of the 20S proteasome and a combination 
thereof. The proteolytic activity of the 20S proteasome can be monitored 
in vitro by measuring the cleavage of fluorogenic peptide substrates for 
the different catalytic sites as an increase in 7-amino-4-methylcoumarin 
(AMC) fluorescence overtime.40,43–45,49,59 A combination of 
chymotrypsin-like (CT-L, Suc-LLVY-AMC), tryptic-like (T-L, Boc-LRR- 
AMC) and caspase-like (Casp-L, Z-LLE-AMC) peptide substrates were 
used in equal amounts to screen compounds 1–24 for overall 20S ac
tivity. Pure human 20S proteasome was pre-treated with 3, 10 or 30 μM 
of one of the analogues or DMSO (vehicle control) for 15 min at 37 ◦C. 
To each sample was then added a mixture of the three substrates (13.3 
μM each). The release of AMC was monitored as fluorescence overtime 
for 1 h and the resulting 20S activity changes were determined by 
comparing to the untreated 20S and calculating the fold-increase in 
activity for each analogue at a given concentration (Table 1, 30 μM and 
Table S1, 3 and 10 μM). 

Scheme 1. Multicomponent synthesis of dihydroquinazolines.  

Fig. 1. Structures of dihydroquinazoline analogues.  
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The data collected from this screen (Table 1 and see Table S1 for 3 
and 10 μM results) shows a few insightful trends in the SAR of the 
dihydroquinazolines. Small changes in substitution at the 7-position 
appear to have a significant effect on activity of the dihydroquinazo
lines. Compound 1, which displays a 4-fold (i.e. 400%) increase over 
background 20S activity, lacks a substituent at the 7-position but is 
otherwise identical to compounds 2 (7.9-fold increase) and 3 (8.1-fold 

increase). This small change results in a reduction in 20S activity from 8- 
fold enhancement down to a 4-fold enhancement at 30 μM. Similarly, 
the addition of a longer alkyl chain on compound 4 resulted in a steep 
drop in 20S activity to 2.8-fold at 30 μM. Changes at the 2-position show 
similar effects to that of the 7-position, where most substitutions other 
than a phenyl group (compounds 5–9) caused marked decreases in 20S 
activity. All have<3-fold activation at 30 μM, apart from compound 5 
(6.5-fold increase). 

Substitutions at the 3-position showed more flexibility to changes 
than either the 7- or 2-positions, while still having a significant effect on 
the relative 20S activities of the analogues. Many of the most potent 
analogues, like compounds 10, 3, 2 and 5 (9.5, 8.1, 7.9 and 6.5-fold 
increase of 20S activity, respectively), contain a phenyl or benzyl 
functionality at the 3-position. Other similarly sized and shaped sub
stituents like cyclohexane (compound 16 (6.7-fold)) and pyridine 
compounds 11 (6.9-fold) and 12 (5.9-fold)) also provided some of the 
most potent analogues. Interestingly, larger substituents at the 3-posi
tion as seen in compounds 18 (7-fold) and 13 (5.3-fold) also yielded 
potent analogues, suggesting that additional functionalities may be 
incorporated here for further optimization if necessary. The substitution 
of the phenyl or benzyl groups for some other heterocycles such as N- 
methyl piperidine (compounds 17 (1-fold) and 19 (1.2-fold)), tetrahy
dropyran (compound 20 (1.6-fold)) or even a pyridine linked by a 
methylene group in compound 14 (2-fold) lead to significant decreases 
in 20S activity. This suggests that placement of heteroatoms at the 3-po
sition may disrupt hydrophobic interactions in that region. The differ
ence in activity shown between 17 and 18 could be caused by a 
disruption of hydrophobic interactions with the addition of the piperi
dine nitrogen, which could then be replaced by new interactions made 
by the phenyl group in 18. The addition of non-cyclic substituents at the 
3-position (compounds 22, 23 and 24) resulted in very little 20S activity 

Table 1 
Compounds 1–24 ranked by fold enhancement of 20S activity at 30 μM.  

Compound Fold increase over vehicle (30 μM) 

10 9.5 
21 8.2 
3 8.1 
2 7.9 
18 7 
11 6.9 
16 6.7 
5 6.5 
12 5.9 
13 5.3 
1 4 
8 2.8 
15 2.8 
4 2.8 
6 2.7 
22 2.7 
7 2.3 
23 2.3 
14 2 
9 1.8 
24 1.6 
20 1.6 
19 1.2 
17 1  

Fig. 2. Concentration response (0–40 μM) from fluorogenic peptide digestions with compounds 2, 10, 17 and 18. Error bars denote standard deviation. These data 
were collected in triplicate. 
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(2.7, 2.3 and 1.6-fold increase in 20S activity, respectively) in all cases 
suggesting that larger hydrophobic groups at the 3-position are likely 
required for 20S activity. 

After analyzing the results in Table 1, three of the most promising 
analogues were selected for further studies into their 20S activity. 
Compounds 10, 2 and 18 were selected to be carried forward based on 
their fold increase (Table S1, fold 20S activity increase > 200% at 3.0 
μM) and the highest Max-Fold activities (Table S1, at high dose of 30 
μM). Compound 17 was also carried forward to use as a negative control 
since it had no discernible activity towards the 20S. These compounds 
were then tested to obtain a full concentration–response (Fig. 2) of their 
activities towards the 20S proteasome using each of the three substrates 
for the three catalytic sites individually and the combination of the three 
substrates. This was done to ensure that each of the selected compounds 
activate the 20S proteasome at all three catalytic sites, which is critical 
for effective IDP degradation, as these proteins are likely to contain 
multiple cleavage sites for each. Previously identified 20S proteasome 
activators that were only able to activate a single catalytic site showed 
poor enhancement of IDP degradation in vitro when compared to those 
that activated all three catalytic sites.40 

Using the data in Figure 2, the concentration at which 20S activity 
was doubled (AC200) was calculated for each compound using each 
substrate and the combination of the three substrates (Table 2). Because 
of variations in the maximum fold enhancement between 20S en
hancers, AC200 values allow for easy comparisons to be made between 
activators. It was found that each of the active compounds (10, 2 and 
18) achieved both high maximum fold increases (>500%) in 20S ac
tivity and doubled 20S activity in the combination at low μM 
concentrations. 

Although the three compounds showed near equipotent activities, 
compound 18 was selected to move forward with due to its lowest 
overall AC200 values (Table 2: combo, AC200 1.3 μM) and the individual 
activities of the catalytic sites of the 20S. The efficacy of compound 18 
was tested by observing its ability to enhance 20S-mediated degradation 
of α-synuclein, the IDP associated with the development of Parkinson’s 
Disease. Briefly, the 20S proteasome was incubated with compound 18, 

followed by addition of pure human α-synuclein. This mixture was then 
incubated for 4 h at 37 ◦C. The digestions were analyzed using silver 
stain and quantified (Fig. 3 and Fig. S1) to determine the ability of 
compound 18 to enhance IDP degradation by the 20S. It was found that 
compound 18 effectively enhanced the rate of degradation of α-synu
clein by the 20S in vitro in a concentration dependant manner. As a 
control, we used the proteasome inhibitor, bortezomib, which prevented 
α-synuclein degradation, confirming that the clearance of α-synuclein in 
Fig. 3 is a proteasome mediated event. This shows that the prior peptide 
substrate-based results are likely to translate to the degradation of full 
IDPs and that dihydroquinazolines represent a promising new lead from 
which potent 20S activators that enhance IDP degradation can be 
developed. 

In conclusion, this study demonstrates that dihydroquinazolines 
represent a promising scaffold from which potent 20S activators can be 
developed. Additionally, recently developed synthetic methods allow 
for access to a broad scope of dihydroquinazoline analogues, allowing 
for exploration of a variety of different substituents and substitution 
patterns. Among the analogues tested, we found several active com
pounds and a few of the most potent 20S activators identified to date. 
Further optimization and testing of dihydroquinazoline analogues may 
yield even more potent and drug-like leads, which can assist in the 
exploration of 20S activation as a novel therapeutic method. 
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Table 2 
Detailed analysis of 20S activation by select dihydroquinazoline analogues.   

Combo CT-L Casp-L T-L 

Compound AC200 (μM) Max Fold AC200 (μM) Max Fold AC200 (μM) Max Fold AC200 (μM) Max Fold 

10 2.3  11.1 8.1  6.7 5.8  15.3 2.5  15.0 
2 2.0  10.1 12.9  5.6 5.6  13.4 5.0  11.7 
18 1.3  5.5 10.5  3.8 2.8  10.6 1.7  8.7 
17 N/A  1.4 N/A  1.1 N/A  0.8 N/A  1.0  

Fig. 3. In vitro digestion of purified α-synuclein with human 20S proteasome and enhancement by compound 18. Representative silver stain of these α-synuclein 
digestions and quantification of three trials (see Fig. S1 for other replicates). 20S proteasome subunits were used as a loading control in the quantifications (right). 
These data were collected in triplicate (n = 3). Error bars denote standard deviation. Ordinary one-way ANOVA statistical analysis was used to determine statistical 
significance (ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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