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The proteasome, ~2.5 MDa holoenzyme complex, plays a major role in cells that 

degrades misfolded, damaged or ubiquitinated proteins. Accumulation of misfolded 

proteins are involved in various human disease. And it has been proposed as novel 

therapeutic target that effective degradation of proteotoxic proteins.  

 In chapter 1 of this thesis, I present a general introduction of the 

intracellular protein degradation mechanisms. Protein degradation is the most 

essential and important mechanism for maintaining cellular function. Two major 



mechanisms regulate the degradation of intracellular proteins: the ubiquitin-

proteasome system (UPS) and the autophagy-lysosomal system (ALS). A wide range 

of substrates are degraded by these two mechanisms, ranging from short half-life 

proteins to defective or unnecessary intracellular organelles. 

In chapter 2, I discuss the proteasome activity regulation through the gate-

opening mechanism. When in the closed form, the substrate translocation channel of 

the proteasome core particle (CP) is topologically blocked by the N-terminus tail of 

�-subunits. To allow for substrate degradation, the CP channel gate is opened upon 

association with regulatory particle (RP) or other proteasome activator factors. To 

investigation the character of CP gating in mammalian proteasome activity, I have 

deleted the N-terminus tails of �3 subunits (�3�N). �3�N proteasomes show 

constitutively opened the CP gate without affecting the structural integrity. 

Hyperactivity of the open-gated �3�N proteasome was observed both in 20S and 

26S proteasomes when measured using small fluorogenic peptide substrates and 

polyubiquitinated proteins in vitro. Cells expressing �3�N proteasomes showed 

significantly facilitated degradation of various proteasome substrates and delayed 

aggregate formation of pathological proteins. And it shows markedly promoted cell 

survival against oxidative stress. Multiplexed quantitative tandem mass tag-mass 

spectrometry analysis revealed ~200 proteins are reduced in hyperactive proteasome 

cells. In this study, I demonstrate that the CP gate function as a rate-limiting step in 

proteasomal degradation, and opening the CP gate may be an effective strategy to 

increase proteasome activity and reduce levels of aberrantly overexpressed or 

accumulated proteins in cells. 



  In chapter 3, I discuss the quality control of mammalian proteasome via 

autophagy. Consistent with proteasomes crucial function in protein quality control, 

multiple layers of regulatory mechanisms have been identified to elaborately 

modulate proteasomes activity for hydrolysis of polyubiquitinated proteins. 

However, the destruction mechanism of mammalian proteasomes responding 

cellular environments has been relatively poorly understood. Here, I describe that 

the inactive 26S proteasomes in mammals, prior to proteaphagic degradation, are 

initially sequestered into the insoluble aggresomes, a large perinuclear inclusion, via 

histone deacetylase 6 (HDAC6)-mediated retrograde transport. The proteasomes 

were colocalized with the autophagic receptor p62/SQSTM1 and cleared through a 

selective macroautophagic process. In addition, chemical and genetic inhibition of 

autophagy resulted in elevated accumulation of proteasomes in the insoluble fraction 

and more scattered puncta in cytoplasm, indicating that the proteaphgy is 

biochemically linked to aggresomal segregation. When the cells were replenished 

with inhibitor-free media, the aggresomal inclusion became gradually smaller and 

disappeared. Structural changes, association of diverse proteins, and 

polyubiquitination on different proteasome subunits appeared to be involved in the 

targeting mechanism of the inactive proteasome to the aggresome. My results 

indicate that both aggresomal sequestration and autophagic degradation are the 

essential process of the proteasome quality control for maintaining protein 

homeostasis in mammals. 

In chapter 4, I describe the results of this thesis and draw the conclusion 

with a little perspective. Understanding the regulation mechanism of proteasome and 

its own quality control will help to establish a relationship between various diseases 



and proteasomal activity. Based on this, it seems possible to develop a novel and 

customized treatment strategy depending on the condition and progression of the 

disease. 

 

* The study regarding Chapter 2 was published in “Open-Gate Mutants of the 

Mammalian Proteasomes Show Enhanced Ubiquitin-Conjugate Degradation. Nature 

Communications 7, 10963, 2016.” 

** Chapter 3 is further being explored for publication. 
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General Introduction 

Protein degradation is the most essential and important mechanism for maintaining 

cellular the function. Through the process of removing defective proteins and 

pooling the amino acids required for the synthesis of new proteins, it maintains cell 

homeostasis in response to various environmental changes and nutrient conditions. 

In addition, many essential cellular mechanisms, including cell division, 

transcription, and signal transduction, are regulated by protein turnover [1-3]. Two 

major mechanisms regulate the degradation of the intracellular proteins (Figure 1): 

the ubiquitin-proteasome system (UPS) and the autophagy-lysosomal system (ALS). 

A wide range of substrates, ranging from short half-life proteins to defective or 

unnecessary intracellular organelles, are degraded by these two mechanisms. 

Generally, the UPS is primarily responsible for the degradation of proteins with short 

half-lives, aberrant and misfolded. Attachment of multiple ubiquitin to substrates is 

induced by several enzymatic cascades; such substrates are selectively recognized 

and degraded by the 26S proteasome [4-6]. On the other hand, autophagy-lysosomal 

system can degrade relatively large protein aggregates, insoluble proteins, as well as, 

those intracellular organelles which are encapsulated by membrane and delivered to 

lysosomes for degradation [7, 8]. 

The ubiquitin-proteasome system (UPS) is another intracellular protein 

degradation mechanism that mostly regulates the levels of short-lived proteins. It 

degrades thousands of short-lived, damaged, and misfolded proteins. By the 

enzymatic cascades, such as E1 (Ubiquitin-activating enzyme), E2 (Ubiquitin-



conjugating enzyme) and E3 (Ubiquitin ligase), protein substrates are labeled with 

polyubiquitin chains. Then the ubiquitinated proteins are recognized by the 26S 

proteasome and degraded into small peptides [4, 6, 9]. The 26S proteasome is a 

holoenzyme complex that is of central importance in UPS. With, ~ 2.5 MDa weight 

at least 33 distinct subunits, it is one of the biggest protein complex in the cell. The 

26S Proteasome has at least 33 distinct subunits. The composition of the 26S 

proteasome can be divided into 19S (regulatory particle, RP) and 20S (core particle, 

CP) based on its structure and function [10]. The 20S CP is a cylindrical complex 

composed of four stacked heteroheptameric rings. Internal two rings are made up of 

seven b-subunits (�1-7) which contain catalytic sites. The �-ring has three kinds of 

catalytic sites, namely, �1 (trypsin-like), �2 (caspase-like), and �5 (chymotrypsin-

like). The outer two rings are made of seven a-subunits (�1-7). The �-ring acts as a 

gate  and controls the entry of the substrate in the CP [11, 12]. The 19S RP can be 

distinguished into two parts. The lid consists of nine non-ATPase subunits (Rpn3, 

Rpn5-9, Rpn11, Rpn12, and Rpn 15). The base includes hexameric ring of ATPase 

(Rpt 1-6) as well as non-ATPase subunits (Rpn1, 2, 10, and 13) [13]. The 19S RP 

regulates the proteasome function by polyubiquitin chain recognition (Ubiquitin 

receptors, such as Rpn1, Rpn10, and Rpn13), deubiquitination (deubiquitinating 

enzyme, such as Rpn11, Usp14, and Uch37), substrate unfolding, and substrate 

translocation (ATPase ring, Rpt1-6) into the proteolytic chamber of CP [14-16]. 

Since the proteasome plays a central role in the UPS, quantitative and 

activity regulation of the proteasome is done in a variety of ways [17]. In the case of 

proteasome inhibition, the cell tries to upregulate the transcription of the proteasome 



related genes. In mammals, a nuclear factor erythroid–related factor 1 (Nrf1) is 

known as an essential transcription factor for the activation of the proteasome gene 

expression in response to proteasome inhibition [18, 19]. Furthermore, in the 

presence of proteasome inhibitor, de novo synthesis of the entire 26S proteasome 

subunits with the assembly of the holoenzyme complex has been observed in several 

organisms [20-23]. Proteasomes are also expected to be regulated by several post-

translational modifications. Typically, ubiquitination of Rpn10 or Rpn13 is involved 

in the substrate binding [24, 25]. Also, many groups have reported the multiple layers 

of regulatory mechanisms of proteasome. These researchers have tried to promote 

the protein degradation and delay the pathological protein accumulation through the 

regulation of the activity of proteasome or proteasome associated proteins [12, 26]. 

ALS is predominantly responsible for the degradation of aggregated 

proteins and cellular organelles, such as mitochondria, which have characteristics 

that are difficult to degrade by proteasomes [27, 28]. ALS is generally maintained at 

the basal level, it is, however, induced by nutrient deficiency or stress such as 

programmed cell death [29]. Most of the induced autophagy under the stress 

conditions is macroautophagy. Macroautophagy induces the degradation of 

relatively selective substrates. It begins with the elongation of the membrane 

structure termed as isolation membrane or phagophore, some of the intracellular 

contents are then contained in the phagophore [30, 31]. In part of the bulky, vast 

cytoplasmic material engulfment to the phagophore, the main reason behind the 

selective degradation of the substrate by autophagy is the presence of LC3 

(ubiquitin-fold protein Atg8) proteins. The LC3 protein plays a key role in the overall 

macroautophagy. First, the phosphatidylethanolamine modification at the C-



terminus of the LC3 generates LC3-PE (termed as LC3-II) via a ubiquitination 

analogous conjugation cascade consisting of E1-like protein (Atg7), E2-like protein 

(Atg10), and E3-like protein (Atg12-Atg5-Atg16 multimeric complex) [32]. Then 

the LC-II protein decorates the elongating phagophore and becomes the docking site 

for most cellular organelles and autophagy receptor proteins. With several classes of 

autophagic receptor proteins, macroautophagy can persuade selective degradation of 

large protein complexes, insoluble aggregates, cellular organelles, and even 

intracellular pathogens [28, 33]. A representative example of autophagic receptor 

protein is p62/SQSTM1 [34]. This adapter can be coupled to ubiquitinated proteins 

through the Ub-associated (UBA) domain and interact with LC3-II through the LC3-

interacting region (LIR) to cargo the substrate to the elongating phagophore [35, 36]. 

Finally, the elongating phagophore is enclosed, the double-membrane-enclosed 

vesicle containing LC3-II and autophagy receptor is termed as an autophagosome. 

The mature autophagosome fuses with the lysosome and autophagosomal contents 

are degraded by lysosomal hydrolysis [32, 37]. Moreover, macroautophagy can be 

classified as mitophagy (mitochondria), nucleophagy (portion of the nucleus), 

pexophagy (peroxisomes), xenophagy, (microorganisms) ribophagy (ribosomes) or 

aggrephagy (protein aggregates) depending on the particular substrate to be degraded 

[36]. 

UPS and ALS were originally thought to be independent degradation 

systems, however, several recent studies have found that there is a considerable 

similarity between the two systems [38]. Substrates that are degraded by selective 

autophagy should be accompanied by ubiquitination. Several autophagy receptors 

can interact with ubiquitination substrate and LC3-II through the UBA domain and 



LIR, respectively. This preceding ubiquitination is a common mechanism of both 

systems, interacting with autophagy receptor during this process allows for selective 

and efficient degradation of substrates with limitations, which are not susceptible to 

the degradation by 26S proteasome [38]. In addition, there is a close correlation 

between the two systems. Inhibition of the proteasomes results in an increase in 

autophagy for the recovery of the intracellular proteolytic activity [39-41]. 

Conversely, inhibition of autophagy has two opposing conclusions: decreased 

proteasome degradation (due to the excessive accumulation of SQSTM1) or 

increased proteasome activity [42, 43]. In addition, when the activity of the 

proteasome is increased, the autophagy flux is decreased by inhibiting the fusion of 

autophagosomes and lysosomes [44]. This indicates that UPS and ALS are not 

independent but complementary systems. 

The 26S proteasome is the central element of the UPS and executes a multi-

level manipulation of target substrates during degradation. However, its role has only 

been recognized as a passive and simple proteolytic machinery. Most of the previous 

UPS related studies have been focused on the upstream regulatory factors such as E3 

ubiquitin ligase or deubiquitinating enzymes. For this reasons, many of the 

proteasome activity regulation, biosynthesis, and degradation mechanisms remain to 

be elucidated.  

In this thesis, enhanced proteasomal activity through gate opening 

mechanism and inactive proteasome degradation via autophagy-lysosome system 

will be discussed. Chapter 2 presents fundamental insights into the regulatory 

mechanism of, both, proteasome activity and pathological protein homeostasis in 

mammals. Chapter 3 presents the remarkable demonstration of the proteasome’s own 



quality control mechanism through aggresomal targeting and autophagic degradation. 

Elucidation of the proteasome activity regulation and the proteasome’s own quality 

control mechanism would be valuable for understanding the correlation between the 

progression of proteopathy and the proteasome. 

 

  



 

Figure 1. Two major mechanisms regulate the degradation of the intracellular 

proteins: the ubiquitin-proteasome system (UPS) and the autophagy-lysosomal 

system (ALS). 
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Introduction 

The ubiquitin-mediated proteolytic system is one of the major intracellular protein 

degradation mechanism that selectively regulates many proteins in eukaryotic cells. 

The ubiquitin-proteasome system (UPS) degrades the thousands of short-lived, 

damaged, aberrant, and misfolded proteins [45, 46]. In this system, proteins are 

targeted for degradation through covalent posttranslational modification to ubiquitin. 

Ubiquitin (Ub) modification is mediated by sequential transfer of Ub on substrates 

via three kinds of enzymatic cascades, which is known as ATP-dependent activation 

of ubiquitin by the E1 (Ubiquitin-activating enzyme), ubiquitin-carrier protein E2 

(Ubiquitin-conjugating enzyme) and catalyzed isopeptide bond formation between 

ubiquitin and the substrate by E3 (Ubiquitin ligase) [47, 48]. Proteins tagged with 

polyubiquitin chains are mainly selected by 26S proteasome and subsequently into 

small peptides in an ATP-dependent process (Figure 2) [49]. 

The 26S proteasome is a huge holoenzyme complex of approximately ~2.5 

MDa, is the only energy-dependent protease in eukaryotes [46, 50]. It mediates the 

degradation of target substrates conjugated to ubiquitin and subsequently, regulating 

intracellular protein levels and controlling protein quality in both the cytoplasm and 

nucleus [51, 52]. Structurally and functionally, the 26S proteasome is comprised of 

two sub complexes (Figure 3), one is the distinguishable 28-subunit core particle 

(CP, also known as the 20S) and the other is 19-subunit regulatory particle (RP, also 

known as the 19S, proteasome activator 700, or PA700) [6]. To form 26S proteasome, 

The CP assembles with one or two RP in an ATP-dependent manner. A number of 



proteasome interacting proteins have been identified. They are weakly associated but 

influence to proteasome activity [16, 53, 54]. The CP is cylindrical complex 

composed of four stacked rings with �7�7�7�7. Each of the 14 different subunits is 

existing in two copies in the CP. It resides in an exactly defined position. Internal 

two ring are made of seven b-subunits (�1-7) which enclosed catalytic sites inside of 

CP. The �-ring has three kinds of catalytic sites, �1 (trypsin-like), �2 (caspase-like), 

�5 (chymotrypsin-like). Most of ATP-dependent protease complex have 

sequestrated proteolytic site within CP-like cylindrical structure [55]. While the 

outer two ring are made of seven-a-subunits (�1-7) which form the substrate 

translocation channel. The cylindrical structure of 20S prohibit the release of 

degradation intermediates during substrate protein degradation. Currently 

proteasome inhibitors including MG132 are widely used to block proteasome 

activity. Especially MG132 can inhibit the chymotrypsin-like activity, but their 

abilities are exceedingly variable at other catalytic sites and show concentration-

dependent manner [56]. The RP interacts with the polyubiquitin chains of the 

substrates and deubiquitinates the polyubiquitinated substrate before degradation [14, 

15, 57-60]. Conventionally RP is divided into two subcomplexes, lid  and base . 

The lid consists of nine subunits (Rpn 3, 5, 6, 7, 8, 9, 11, 12 and 15), and base consists 

of ten subunits (Rpt 1-6, Rpn 1, 2, 10 and 13). Rpt1-6 subunits that forms the ring 

structure is an ATPase [61]. ATPase ring is very critical in both substrate unfolding, 

translocation into the CP, and CP-RP assembly because it is directly conjugated with 

�-ring [14]. Many of the regulatory mechanisms of proteasome activity remain to be 



elucidated because of the extraordinary difficulty of the degradation process during 

substrate degradation by proteasome. 

For the free CP which is not assembled with the RP or other proteasome 

activators, inner cavity within catalytic sites can be accessed through a narrow 

translocation cannel consisting of � subunits [62]. The N-termini residues of the � 

subunits are block access to this translocation channel [11]. This blocking substrate 

access into the proteolytic chamber suggest that the proteasome translocation 

channel is gated by N-terminus tail of � subunits [11, 46]. In order to substrate 

degradation, the gate should be moved and rearranged to allow substrate 

translocation in to catalytic chamber. Upon binding of the RP, the conformations of 

these residues are rearranged to open the CP gate (Figure 4) [14]. In addition to the 

RP, other endogenous activators of 20S include proteasome activator 28�� (PA28, 

also known as the 11S particle), PA28�, PA200/Blm10 can rearrange the N-termini 

residue of � subunits and opening the CP gate [51]. Experimentally some chemicals 

such as sodium dodecyl sulfate (SDS) often used for gate open [63]. CP and RP 

directly assembled by interaction between HYbX motif which is the C-termini of the 

six Rpt1-6 AAA+ ATPases subunits and the seven pockets between �-subunits [64]. 

The Rpts form heterohexameric rings to create the RP substrate translocation channel 

that is then attached to the CP channel [14, 61]. The RP channel is regulated before 

substrate pass through and it encounter the CP gate. Conformational change of RP 

appears to be induced by engagement with ATP or polyubiquitin chain [65, 66]. 



Previous works described that, the N-termini residue of �3 has distinct role in gate 

compared with other ��subunits in yeast. The N-terminus tail of �3 directly across 

the center of CP translocation channel. Opening of the CP channel is induced by 

deletion of the nine-residue tail (GSRRYDSRT) of the N-terminus of the �3 subunit 

[11]. It resulted opening the gate by reordering of other N-terminal residues. The 

mutant proteasome exhibited significantly increased proteolytic activity due to gate 

open not affecting allosteric activation of any individual proteolytic site or structures 

of the � subunits in the CP. It facilitates access to substrate into the catalytic site 

inside of cylindrical chamber [11, 67]. Most of ATP-dependent protease has 

substrate translocation channels and the regulated gates into the proteolytic sites.  

However, the consequences of translocation channels regulation and gate opening in 

mammal are basically unidentified. Considering that the proteasome subunit related 

with gate opening are not fully conserved in eukaryote [68], further studies should 

elucidate role of the �3 in gate opening and consequence upon substrate degradation 

in mammalian cells. The proteasome is the major degradation machinery that 

regulates the levels of toxic, aggregation-prone proteins [69]. This allows cells to 

maintain protein quality, inhibiting pathological aggregate formation [70, 71]. 

Therefore, artificially enhanced cytoplasmic proteasome activity may depress lesion 

formation in diseases involving a decrease in proteasome activity, such as 

Alzheimer's disease [72]. 

To characterize the open-gated proteasome in mammal, I generated human 

cell lines that stably express �3 N-termini deletion mutant (�3�N) subunits. Here, I 

report enhanced proteasome activity measured by hydrolysis of fluorogenic peptides 



and degradation of polyubiquitinated protein substrates. The hyperactivity of �3�N 

proteasomes was observed for both 20S and 26S proteasomes, as well as when 

treated with ATP�S or Ub-Sic1 to induce RP conformational change. I also found 

that the increased cellular proteasome activity of �3�N proteasomes stimulated not 

only endogenous proteasome substrate but also transient overexpressed substrate 

degradation. Also, enhanced proteasome activity shows significantly delayed tau 

aggregate formation not just in soluble fraction but in insoluble fraction. These 

findings confirm the regulated CP channel model in mammals, which functions as 

critical rate-limiting step of regulation the proteasome activity in cells. So, enhancing 

proteasomes through gate opening regulation can be novel therapeutic target in 

proteotoxic stresses implicated such as neurodegenerative diseases.  



Material and Methods 
 

Plasmids 

Expressing �3, �3�N, �3-flag, and �3�N-flag plasmids were amplified by PCR 

using specific primers. �3 derivatives contained PCR products were processed using 

restriction enzymes BamH1 and Xba1. Digested products were then inserted into the 

analogous multiple cloning sites of the pcDNA3.1 plasmid, and digested with the 

same restriction endonuclease with the purpose of construct the pcDNA3.1-�3 

products. And then, Plasmids were transformed into bacterial strain DH5� to screen 

the positive clone. These plasmids were then purified by mini kit (GeneAll, Korea) 

and identified by DNA sequencing. Identified plasmid DNA was transformed again 

and purified using a plasmid midi kit (GeneAll, Korea), according to the 

manufacturer’s guidelines, and kept at -20 °C until use. Arg-GFP, RGS4-GFP, and 

LC3-GFP plasmids were previously produced [73]. Vectors expressing tau (from 

V.M. Lee), �-synuclein (from J.E. Galvin), Ub-Arg-GFPs (from M.G. Masucci), and 

EGFP-cODC (from P. Coffino) were generously provided for this study. 

 

Antibodies and reagents 

Followings are the information of Antibodies and dilution factors used in this study: 

anti-�-actin (A1978, Sigma, 1/10,000), anti-��3 (PW8115, Enzo Life Science, 

1/5,000), anti-�7 (PW8110, Enzo Life Sciences, 1/3,000), anti-ADRM1 (PW9910, 

Enzo Life Science, 1/2,000), anti-Rpt5 (PW8245, Enzo Life Science, 1/3,000), anti-

USP14 (A300-920A, Bethyl Laboratories, USA, 1/2,000), anti-p62 (sc28359, Santa 



Cruz, 1/2,000), anti-p53 (sc1313, Santa Cruz, 1/3,000), anti-LC3 (L7543, Sigma, 

1/2,000), anti-tau (clone Tau-5; Invitrogen, USA, 1/10,000), anti-tauser396 (ab109390, 

Abcam, USA, 1/5,000), anti-tauser199/202 (ab4864, Abcam, 1/5,000), anti-Ub (clone 

P4D1, Santa Cruz, USA, 1/5,000), anti-Ub conjugates (clone FK2, Enzo Life 

Science, USA, 1/2,500), anti-Ub (Lys48-specific) (clone apu2, Millipore, USA, 

1/2,000), anti-Ub (Lys63-specific) (clone apu3, Millipore, 1/2,000), anti-His 

(A03001, IgTherapy, Korea, 1/2,000), anti-T7 (69522, Millipore, 1/5,000), anti-flag 

(F1804, Sigma, 1/3,000), anti-NBR1 (sc130380, Santa Cruz, 1/2,000), anti-GFP 

antibody (Enogene, USA, 1/5,000), anti-LTB4 (bs-5779R, Bioss USA, 1/1000), anti-

DCDC2 (bs-11824R, Bioss USA, 1/1000), anti-TOR3A (AP17612c, Abgent, 

1/1000), anti-Calnexin (A303-694A, Bethyl, 1/1000), anti-EPHB2 (bs-0996R, Bioss 

USA, 1/1000), anti-ApoB (bs-6333R, Bioss USA, 1/1000), anti-FKBP3 (A302-

601A, Bethyl, 1/1000), anti-FKBP4 (A301-426A, Bethyl, 1/1000), anti-TOP2B 

(C0376, Assay Biotech, 1/1000), anti-ERbB2 (TA503443, OriGene, 1/1000), anti-

ITGB1 (A303-735A, Bethyl, 1/1000), anti-VAPB (A302-894A, Bethyl, 1/1000, anti-

SGPL1 (bs-4188R, Bioss USA, 1/1000), anti-ITGA4 (4783, ProSci, 1/1000), anti-

SCARB1 (5193, ProSci, 1/1000), and anti-UNC5B (EB11706, Everest, 1/1000). For 

the secondary antibodies, anti-mouse-IgG-HRP and anti-rabbit-IgG-HRP were 

acquired from Millipore. Major biochemical reagents used in this study are as 

follows: suc-LLVY-AMC (Bachem), Z-LLE-AMC (Enzo Life Sciences), Boc-LRR-

AMC (Enzo Life Sciences), MG132 (Bachem), PS-341 (LC Laboratories, USA), 

epoxomicin and Ub-VS (Boston Biochem, USA), ATP (Calbiochem, USA), ATP�S 

(Jena Bioscience, Germany), ubiquitin (Sigma). DMEM, FBS, and PBS (pH 7.4) 



were purchased from WelGENE (Korea). EzWay silver staining kit was purchased 

from Goma Biotech (Korea). CCK-8 (Cell Counting Kit-8) was purchased from 

Dojindo Molecular Technologies (Japan). Doxycycline (Dox), okadaic acid, and 

Coomassie Brilliant Blue R250 were purchased from Sigma.  

 

Cell cultures and transfection 

Mammalian cells used in this research, containing HEK293, HEK293-pre1-HTBH, 

HEK293-pre1-HTBH-�3�N, HEK293-trex-htau40, and tau-BiFC cells were grown 

in Dulbecco’s modified eagle medium with addition of 10% FBS, 2 mM glutamine, 

and 100 units/mL penicillin/streptomycin. Mycoplasma tests were done frequently. 

Cells were kept in 37 °C a humidified incubator with 5 % CO2. For transient 

overexpression, cells were treated with 1-2 �g of total plasmid DNA in a 6-well 

culture plate (>95 % confluent or at a density of 106 cells/well) for 36-48 h using 

Lipofectamine 3000 (Invitrogen) corresponding to manufacturer’s guideline. Cell 

lysates were prepared in RIPA buffer 36-48 h post-transfection and were used for 

immunoblotting. Wild-type and �3�N cells were treated with 75 �g/mL 

cycloheximide and chase analysis were conducted. WCE were extracted at each 

chase times 0, 20, 40, and 60 min after 4 h transient proteasome reversible inhibitor 

treatment and washing several times with phosphate buffered saline (PBS). 

Transduced cell line was selected with DMEM medium containing 1 mg/mL G418 

for two weeks and then maintained in complete media containing 500 �g/mL G418. 

Cells for fluorescence image analysis were prepared after were washed three times 

vigorously with PBS. 



 

Reverse transcription-PCR 

Total RNA was prepared from wild-type or �3�N stable cells using TRIzol reagent 

(Invitrogen), followed by further purification through RNeasy mini-columns 

(Qiagen, USA) with on-column DNase I treatment according to manufacturer’s 

instruction. Total RNA (2 �g) was used to generate cDNA samples by reverse 

transcription using Accupower RT-pre mix (Bioneer, Korea). The expression level of 

endogenous α3 was amplified by PCR reaction and specific primer as following, 

forward (5’-ATGTCTCGAAGATATGACTCCAG-3’) and reverse primers (5’-

CTATTTATCCTTTTCTTTCTGTTC). For �3�N-flag expression level, it was 

amplified using forward (5’-ATGATATTTTCTCCAGAAGGTCGCTTAT-3’) and 

reverse primers contain partial flag tag gene sequence on the 3’ region (5’-

CTACTTGTCGTCATCGTCTTTGTAGTCTTTA-3’, which is on the C-terminal 

flag tag.). Amplified DNA was analyzed using agarose gel electrophoresis after EtBr 

staining. 

 

Quantitative RT-PCR 

Total RNA was isolated using TRIzol reagent (Invitrogen) from cultured cells, 

followed by additional purification using RNeasy mini-columns (Qiagen) with on-

column DNase I treatment as manufacturer’s protocol. cDNA samples were prepared 

by reverse transcription using Accupower RT-pre mix (Bioneer). Then, Real-time 

PCR reactions were conducted with 1/20 diluted cDNA, SYBR qPCR master 

mixture (Kapa Biosystems, USA) as the reporter dye, and 10 pmole of specific 



primers using the Rotor-Gene RG 3000 system (Corbett Research, AU), Thermal 

circumstances were consisting of 95 °C for 3 min to activate the enzyme, after that 

40 cycles at 95 °C for 10 s, 53 °C for 15 s, and 72 °C for 30 s. All PCR reactions 

were performed in triplicate, and PCR products were subjected to melting curve 

analysis. Each mRNA levels were normalized with the GAPDH, and the values were 

plotted as the mean of arbitrary values ± SEM of independent triplicate experiments. 

All results were evaluated using an unpaired Student’s t test, where a p-value of each 

were less than 0.05 was considered significant. Following sequences of specific 

primer were used were: for �3, forward (AGAAGTGGAGCAGTTGATCA) and 

reverse (TCTCTGATTCTATTTATCCTTTTCT for endogenous �3, which targets 3' 

UTR region, or TCTCTGATTCTACTTGTCGTCATCG for exogenous �3, which 

targets the flag tag); for Tau, forward (5’-AAGGTGACCTCCAAGTGTGG-3’) and 

reverse (5’-GGGACGTGGGTGATATTGTC-3’); for �-synuclein, forward (5’-AA 

GAGGGTGTTCTCTATGTAGGC-3’) and reverse (5’-GCTCCTCCAACATTTGT 

CACTT); for EGFP forward (5’-ACGTAAACGGCCACAAGTTC-3’) and reverse 

(5’- AAGTCGTGCTGCTTCATGTG-3’); for GAPDH, forward (5’-GAGTCAACG 

GATTTGGTCGT-3’) and reverse (5’-GACAAGCTTCCCGTTCTCAG-3’). 

 

26S human proteasome and ��3�N-proteasome purification 

Both wild-type 26S proteasomes and �3�N proteasomes were affinity pull-downed 

as previously described, with slight adjustments [74] from a stable HEK293 cell line 

expressing biotin-tagged pre1 (�4) subunits. The cells were isolated from 15-cm 

culture dishes using proteasome lysis buffer (50 mM NaH2PO4 [pH 7.5], 100 mM 



NaCl, 10 % glycerol, 5 mM MgCl2, 0.5 % NP-40,) containing protease inhibitors 

cocktail, fresh 5 mM ATP, and 1 mM DTT. Then homogenized mildly using a 

Dounce homogenizer. The supernatants were separated by centrifugation. And 

incubated with streptavidin agarose resin (Millipore, Billerica, MA) for 5 h at 4 °C. 

The beads were washed several times with lysis buffer and TEV buffer (50 mM Tris-

HCl [pH7.5] containing fresh 1 mM ATP and 10 % glycerol). The 26S proteasomes 

were eluted from the resin by TEV protease (Invitrogen) for 1 h at 30 °C Eluted 

proteasomes were concentrated using a 10K Amicon ultra-spin column (Millipore,). 

 

Proteasome activity measurement using fluorogenic peptide substrates 

Small peptide based fluorogenic substrates (suc-LLVY-AMC Boc-LRR-AMC, and 

Z-LLE-AMC) were used to determine proteasome catalytic site activity. It represents 

the chymotrypsin-like, trypsin-like, and caspase-like activity of proteasomes, 

respectively. Hydrolysis of fluorogenic substrates was carried out using 0.5 nM 

purified proteasome and 12.5 �M of suc-LLVY-AMC (Enzo Life Sciences) in 

activity assay buffer (50 nM Tris-HCl [pH 7.5], 1 mM EDTA, 1 mg/mL BSA, 1 mM 

ATP, and 1 mM DTT). Proteasome activity in the substrate engaged conformation, 

was measured in the existence of 25 nM unmodified or ubiquitinated proteins or 

ATP�S was used instead of ATP. Proteasomal activity was observed by measuring 

released free AMC (ex 339 nm, em 439 nm) fluorescence signal using a TECAN 

infinite m200 microplate readers. 

 

Sic1 ubiquitination assay and Ub-Sic1 degradation in vitro 



In vitro ubiquitination assay using Sic1 protein with PY motifs (Ub-Sic1PY) was done 

as previously described [75] with some alterations. In test tube, Ubiquitination 

reaction mixture contained 10 pmol Sic1PY, 2 pmol Uba1, 5 pmol Ubc4, 5 pmol Rps5, 

and 1.2 nmol ubiquitin in buffer A (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM 

DTT, 5 mM ATP, and 10 mM MgCl2). Ubiquitin reconstitution was progressed for 

4 h at 25 °C. Polyubiquitinated conjugates were affinity purified using a Qiagen Ni-

NTA resin, washed with washing buffer (50 mM Tris-HCl [pH 8.0], 50 mM NaCl, 

and 40 % glycerol), then eluted with 200 mM imidazole contained wash buffer. 

Excess imidazole were removed by dialysis with wash buffer containing 10 % 

glycerol. To analysis the degradation rate of Ub-Sic1PY, purified human proteasomes 

(5 nM) were incubated with Ub-Sic1PY (20 nM) in proteasome assay buffer (50 mM 

Tris-HCl [pH 7.5], 100 mM NaCl, 10 % glycerol, 2 mM ATP, 10 mM MgCl2, 1 mM 

DTT). Degradation rate was monitored by immunoblotting using an anti-T7 

antibody (Millipore). 

 

Immobilizing proteasomes to nanoparticles 

Purified proteasomes and mesoporous silica nanoparticles with nickel moieties 

(MSNPN) were incubated in PBS as previously described [74] with some 

modifications. Briefly, using a variety of indicated molar ratios of purified 

proteasome and MSNPN, and vigorously shaken horizontally for 2 h at 25 °C. The 

proteasome-MSNPN complexes were washed three times with PBS and isolated by 

centrifugation at 3000 rpm. They were briefly resuspended with culture media for 

direct cellular delivery. 



 

Separate the soluble and insoluble tau aggregation in cultured cells 

To separate the soluble or insoluble tau aggregation in cultured cell line, HEK293-

trex-htau40 cells were used. At ~ 60 % confluence, the cells were transfected with 

empty pcDNA 3.1 vector or �3 and �3�N expression construct using 

LipofectAMINE 3000 transfection reagent (Invitrogen). After 48h post-transfection, 

cells were treated with 500 ng/ml Dox for 24 h to induce tau expression. Then cells 

were harvested with buffer B (20 mM Tris [pH 7.4], 150 mM NaCl, 1 % Triton X-

100, and protease inhibitors cocktail), and lysate were centrifuged at 200 × g for 15 

min at 4 °C. The pellet was collected as P1 fraction. To further separate the Triton 

X-100-soluble (S2) and -insoluble (P2) fractions, supernatant was further 

centrifuged at 16,000 × g for 30 min at 4 °C. Both P1 and P2 pellet were washed five 

times with the lysis buffer and resuspended in SDS sample buffer. Immunoblotting 

samples were prepared after boiling more than 30min at 80 °C. 

 

Tau aggregation analysis in cultured cells 

Tau-BiFC cells, which were HEK293-derived stable cell line and constitutively 

expressed the C-terminus and the N-terminus of Venus protein independently fused 

with htau40 [76]. Tau-BiFC cells were seeded at a density of 105 cells/well in a clear 

bottom black 96-well plate. And they transfected with empty pcDNA 3.1 vector or 

�3 and �3�N expression construct for 24 h. Then, 30 nM of okadaic acid was added 

for 24 h to enhance the tau phosphorylation and induce the tau oligomerization. 

Using Image J software (ver. 1.48k, NIH), fluorescence images were quantified. 



 

Cell viability assay 

Cell viability assays were carried out using a modified MTT assay. HEK293-based 

stable cells were treated with menadione at various concentrations (5 �M to 25 �M) 

for 4 h to induce ROS generation, followed by the addition of 10 mL 5 mg/mL 

thiazolyl blue tetrazolium bromide (MTT, Sigma) solution to the media for 2.5 h at 

37 °C in a humidified atmosphere of 95 % air and 5 % CO2. After discarding the 

media, 200 �L DMSO was added and incubate for 30 min at room temperature to 

solubilize the blue MTT-formazan product. The absorbance at 570 nm (test) and 630 

nm (reference) was determined using microplate reader. 

 

Detection of oxidized proteins 

OxyBlot protein oxidation detection kit (Millipore) were used to detect the oxidized 

proteins as manufacturer’s suggestions. Briefly, after treatment with 25 �M of 

menadione for 2 h, total protein extracts were isolated from cells. Then, 15 �g of 

protein was incubated with derivatization with 2-4-dinitrophenyl hydrazine (DNPH) 

for 25 min. Samples were analysed by SDS-PAGE. To detect the total oxidized 

proteins, anti-DNP antibody was used for immunoblotting.  

 

Mass spectrometry analysis 

Wild-type and �3�N cells were cultured in three independent 150 mm dishes. Before 

the lysis procedure, cells were washed three times with ice-cold PBS, then scraped 

in PBS. Cells were resuspended in 8 M Urea lysis buffer (8 M urea, 75 mM NaCl, 



50 mM HEPES pH 8.0, supplemented with the protease inhibitors cocktail and 

PhosSTOP phosphatase inhibitors (Roche)). Cell extracts were centrifuged for 10 

min at 13,000 rpm at 4 °C, the supernatants were separated. Protein concentrations 

were determined using the BCA assay (Thermo Fisher Scientific). Afterwards, 400 

μg of lysate was condensed with 5 mM TCEP for 30 min, and alkylated with 14 mM 

iodoacetamide for 30 min keeping the light off. Using methanol/chloroform 

precipitation methods, proteins were precipitated and resuspended in digestion 

buffer (8 M urea, 50 mM HEPES [pH 8.5], and 1 mM CaCl2). Resuspended proteins 

were diluted to 4 M urea. They were digested with LysC (Wako) at a 1:250 

LysC/protein for two hours at 37°C. Then further diluted once again to 2 M urea, and 

incubated overnight at 37 °C with LysC. After overnight incubation, urea was finally 

diluted to 1 M and 1:50 trypsin (Promega)/protein ratio was added and incubated for 

6 h at 37 °C. Formic acid (FA) was added to acidify the samples lower than pH 2, 

and then desalting was done using Sep-Pak C18 solid-phase extraction cartridges 

(Waters). Digested peptide concentrations were determined by the micro-BCA assay 

(Thermo Fisher Scientific). For multiplexed quantitative proteomics, the samples 

were labelled with the 6-plex TMT reagents (Thermo Fisher Scientific). TMT 

labelling and consequent MS analysis were performed as described previously [77]. 

Briefly, 100 μg peptides in 90 μl 200 mM HEPES, pH 8.5 were added to 10μl 

dissolved TMT solution which is prepared by 0.8 mg of TMT reagents dissolved in 

40 μl anhydrous acetonitrile (ACN). After 2 h, the reaction was extinguished by 

adding 8 μl of 5 % hydroxylamine (Sigma). TMT labelled peptides were combined 

equally at a ratio of 1:1:1:1:1:1 for the six channels. TMT labelled peptides were 

acidified with formic acid, diluted to make final concentration of 3% ACN, and then 



desalted. Using basic-pH reverse-phase HPLC fractionation as described [78], 

labelled peptides were separated into 24 fractions. For further LC-MS/MS analysis 

using Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) as described 

previously with some modifications [79], half of these fractions were dissolved in 3% 

FA/3% ACN, desalted via StageTip, dehydrated in a SpeedVac, and then melted in 8 

μl 3% FA/3% ACN. Peptides were separated on an in-house packed column using a 

gradient of 85 minutes from 6%-24% ACN in 0.125% FA at 575 nl/min. At a 

resolution of 120k with a maximum injection time of 100 ms and a 200k automated 

gain control (AGC) target, FTMS1 spectra were composed. To choose the ten most 

intense ions for MS/MS, top-ten method was used. ITMS2 spectra were collected 

with a maximum injection time of 150 ms with an AGC target of 4k and CID 

collision energy of 35 %. To decrease interference and increase quantitative 

sensitivity and accuracy, FTMS3 spectra were collected using the multi-notch 

method described previously [77]. In a few words, to comprise ten MS2 fragment 

ions in the FTMS3 scan, synchronous-precursor-selection was used. To generate 

TMT reporter ions, the HCD collision energy was set at 55 %. Maximum injection 

time of 250 ms and AGC target of 50k were used. Using an in-house software 

pipeline, mass spectra analysis was managed as described previously [78]. In 

summary, mass spectra were identified against the human Uniprot database 

(February 2014) and a reverse decoy database. The tolerance of precursor ion was 

set at 20 ppm and tolerance of product ion at 0.9 Da. Addition of a TMT tag 

(+229.1629 Da) on peptide N-termini, lysine residues, and cysteine 

carbamidomethylation (+57.0215 Da) were considered as static modifications. 

Methionine oxidation (+15.9949 Da) during sample preparation was added as a 



variable modification. For the ubiquitin linkages, a separate search was done, which 

is +114.0429 Da for the GG-peptide modification on lysine residues was added. 

False discovery percentage was set at 1 %, and peptide spectral match filtering was 

performed as described previously using linear discriminant analysis. The data was 

further investigated in Excel and Perseus 1.5.1.6 after exporting the protein 

quantification values. For protein quantitation, the signal-to-noise values for each 

reporter ion channel were summed across all quantified peptides, and then 

normalized with assuming equal peptide loading across all samples. A two-tailed t-

test and adjusted p-values for multiple testing using the Benjamini-Hochberg method 

[79] were performed to identify statistically significant changed proteins between 

the wt and �3�N cells, For the ubiquitin linkage searches, GG-sites were confined 

using a modified version of the Ascore algorithm as previously described [80]. The 

relative ubiquitin linkages were normalized by the quantified linkage-specific 

peptide to the amount of total ubiquitin in each channel and determined. GO analysis 

among the significantly changed proteins was achieved using the DAVID 

Bioinformatics Resource 6.7 functional annotation tool 

(http://david.abcc.ncifcrf.gov/) [81, 82]. 

 

Statistical significance 

In most data, one-way ANOVA followed by the Bonferroni post hoc test were used 

for statistical analysis of differences between various groups. Results were evaluated 

to be significant when p-value less than 0.05. The enzymatic kinetics factors were 

obtained by Michaelis-Menten equation and fitting the experiment data to a 



nonlinear regression model, using GraphPad Prism 5 (GraphPad Software, Inc, San 

Diego, CA, USA). 



Results 

 

Generating ��3 N-terminal deleted mutant mammalian proteasomes 

The ��subunits, which are generated from seven gene products on six different 

chromosomes, form the outer rings of the CP. Of the seven tails, that of �3 projects 

most deeply into the center of the translocation channel of CP, at the same time 

contacting and possibly stabilizing the N-terminal tails of many other � subunits 

(Figure 5A). In addition, N-termini region of �3 shows remarkably and 

evolutionarily conserved across the eukaryotes (Such as 92.9% identity between 

humans and yeast �3 N-termini). In contrast to the body of �3, it shows low 

homology through the eukaryotes. (For instance, less than 50% identity between 

humans and yeast (Figure 5B). The almost complete conserved residue of �3 N-

termini through the eukaryotes suggests that it has the fore of a common gating of 

channel from yeast to mammals. To identify the gating mechanism of the substrate 

translocation channel in mammals I stably overexpressed a 9-residue deletion 

including the tail element form of �3 with flag-tagged in C-termini. Overexpression 

was carried out in a 293-�4-biotin cell line. As previously described, 293-�4-biotin 

cell allows for affinity purification of human proteasomes via the ß4 subunit of the 

CP with biotin and avidin interaction [83]. Two clones of stable cell lines were 

established that express different amounts of exogenous �3�N-flag. From the 

protein levels, it shows the more dominant expression of the mutant subunit (Figure 

6A) in the �3�N #2 clone (hereafter referred to as the �3�N cell line). 



Active human 26S proteasomes were successfully affinity-purified from the 

parental 293-�4-biotin cell (wild-type) and �3�N cells (Figure 7A and 7B). �3�N 

proteasome holoenzymes show virtually identical composition and amount in overall 

subunit with wild-type proteasomes. Moreover, stoichiometry of �3 in proteasome 

seemed to be appropriate in the mutant complex. Upon �3�N-flag mRNA expression, 

expression level of endogenous �3 mRNA was dramatically decreased (Figure 6B). 

Mutant �3�N mRNA levels were ~18 times higher than the endogenous �3 mRNA 

level in �3�N cells. (Figure 6C), suggesting that the stable �3�N cell line had 

proteasomes predominantly assembled with N-terminus deleted mutant �3 subunits. 

Calculating from this ratio, doubly-capped 26S mutant proteasomes from �3�N cells 

would have wild-type gating less than one of 300 complexes. Notably, the total 

cellular level of �3 between the �3�N #2 clone and the parental cell line was similar. 

 

Characterizing the enzymatic properties of ��3�N mammalian 

proteasomes 

I have purified 20S CP from both wild-type and �3�N cells (Figure 8A). Activity of 

20 CP was measured by suc-LLVY-AMC hydrolysis, which is specific fluorogenic 

substrates for the chymotrypsin-like �5 activity. �3�N CP showed significantly 

enhanced proteolytic activity compared with wild-type CP (Figure 8B). Other 

catalytic sites activity was also elevated (Figure 9). They were measured by Z-LLE-

AMC and Boc-LRR-AMC hydrolysis, which indicate the caspase-like �1 activity 

and trypsin-like �2 activity, respectively. The equivalent enhanced activity of 



proteasome reveal that hyperactivity of mutant proteasome is the result of gate 

opening, not the allosteric stimulation of catalytic sites of CP. 

 The activity of proteasomes measured through short peptide-based 

substrates had limited to reflect actual activity. Because, proteasomes are actually 

the holoenzyme complex that degrades polyubiquitinated proteins. Therefore, I have 

tested a more physiologically-relevant protein substrate to identify whether the open-

gated mutant proteasome has enhanced protein degradation activity or not. 

Polyubiquitinated Sic1PY (Ub-Sic1PY), a CDK inhibitor from Saccharomyces 

cerevisiae, were often used as more physiologically-relevant protein substrates 

instead of fluorogenic peptide substrates. The Sic1PY is modified form of Sic1, in 

which the PY element is signals for recognition by E3 ligase WW domain. The 

multiple linkage types of polyubiquitin chains produced by the simple mixing of the 

enzymes required for ubiquitination were engaged in these in vitro degradation assay 

[75]. The purified �3�N 26S proteasomes showed more elevated degradation rate of 

Ub-Sic1PY than wild-type proteasomes (Figure 15A and 15B). 

 When ubiquitin receptor subunits associated with polyubiquitinated 

substrates, the RP goes through significant conformational change from a pre-

engaged conformation to an engaged conformation, which translocation channels 

axes of the both RPT ring and � ring get aligned in a row [65, 66, 84]. Because small 

peptide-based substrates, such as LLVY-AMC, are too small to distinguish the 

difference between the pre-engaged and engaged states of 26S proteasomes. 

Furthermore, the facilitated degradation of Ub-Sic1PY by �3�N proteasomes 

suggested that their hyperactivity implies the possibility of the engaged 



conformation induced by deletion the N-terminus tail of �3, I have observed the 

proteasome activity in the presence of ATP�S, non-hydrolyzable form of ATP, which 

is known as conformational change inducing factor as polyubiquitinated substrate 

[85, 86]. Corresponding with the previous study [85-87], under the ATP�S-

supplemented condition, the peptidase activity of wild-type 26S proteasomes was 

significantly stimulated, measured by suc-LLVY-AMC hydrolysis (Figure 10). This 

RP rearrangement and activity stimulation by ATP�S was more significant on the 

�3�N 26S proteasome. In ATP�S enriched conditions, �3�N 26S proteasomes 

showed ~ 1.6 times higher peptidase activity than wild-type (Figure 10). The 

facilitated degradation of Ub-Sic1PY substrates by �3�N holoenzymes may reflect a 

gate-opening of the CP translocation channel is another exact step to activate the 

proteasome as shown by the peptide hydrolysis activity assay data. 

 Through the enhancement of �3�N proteasome activity in both 20S and 

26S and even with RP engaged conformations, it reveals that regulation the CP gate 

is one of important mechanism in proteasome substrate degradation activity, but 

other regulatory mechanism on proteasome also closely related with proteolytic 

process. To identify further steps crucial for proteasomal degradation, I have tested 

whether delaying ATP hydrolysis by ATPase subunits influence to the proteasomal 

degradation of polyubiquitinated substrates. In vitro proteasome mediated 

degradation assay in ATP�S enriched condition, wild-type 26S proteasomes showed 

significantly delayed degradation rates of Ub-Sic1PY (Figure 16). However, �3�N 

26S proteasomes showed still slightly facilitated Ub-Sic1PY degradation and 

inhibited polyubiquitin chain trimming on the proteasome. It probably due to the 



constitutive opening of the CP gate not affect the substrate translocation function of 

RP ring. These data indicate that the constitutive opening of the mutant CP gate 

facilitated substrate entry rate through the improved proteolytic capability of mutant 

26S proteasome with engaged conformations with engaged conformations. 

Consequently, opening the gate of the CP in the mammalian proteasome promotes 

degradation of protein substrates when the RP is bound to the CP. Therefore, the 

promoted degradation of Ub-Sic1PY substrates by �3�N proteasomes than wild-type 

proteasomes may reflect that the open state of CP channel by RP is insufficient and 

more fully open state of CP channel can be induced by �3�N, as revealed by the 

peptide hydrolysis data. 

 Using suc-LLVY-AMC, I have measured the enzymatic kinetics of 26S 

proteasomes in translocation-competent state induced by ATP�S. The kcat value of 

�3�N 26S (2,376 min-1) was significantly higher than that of wild-type 26S (1,565 

min-1). By the way, KM values were similar (93.92 KM for �3�N N vs. 93.47 �M for 

wild-type) (Figure 11). These results indicate that the deletion of the N-terminal tail 

of �3 mainly affects substrate entry rate and accessibility to the catalytic sites, but 

did not affect to the proteolytic sites activity. In normal states, when they were in the 

non-engaged conformations or ATP enriched condition, �3�N proteasomes showed 

only modestly enhanced proteolytic activity (Figure 12), indicating the CP gate 

opening by the RP and consequently facilitated peptide substrate entry. Indeed 

reconstituting purified CP with the purified RP significantly stimulated the peptidase 

activity of both the wild-type (~10-fold when CP : RP molar ratio was 1:2) and �3�N 

CP (~5-fold) (Figure 12). I have identified that maximum stimulation was generated 



when the reconstitution CP with the RP at a 1:2 molar ratios. The reconstituted CP-

RP complex showed only modestly increased in �3�N proteasome activity similar 

to the results achieved using purified 26S proteasomes. Nevertheless, consistent with 

previous data, RP stimulation is not to lead the proteasome to be maximally activated 

required for efficient degradation (Figure 12 and 13). Taken together, my data 

suggest that the open-gated mammalian proteasomes exhibit enhanced degradation 

activity towards their substrates in vitro after a number of dynamic proteasome 

activation processes. This also indicates that, along with additional conformational 

changes that occur upon other activation, such as polyubiquitin chain engagement or 

ATP�S treatment, the CP gate-opening mechanism is a still important regulatory 

process to import targeted substrates into the proteolytic sites. Accordingly, opening 

the central translocation channel gate of the CP induced by �3�N mutation in the 

mammalian proteasome stimulates polyubiquitinated substrate degradation even 

when the RP is assembled to the CP (Figure 14). Through these data, it can be 

postulated that the �3�N mutation should promote the degradation of 

polyubiquitinated substrates by proteasome in living cells. Enhanced mutant 

proteasome activity and facilitated degradation of substrates in the living cell related 

experiments were carried out as described below. Through physiologically-relevant 

substrates activity assay data, it can be seen that the regulation of the gate-opening 

mechanism through the RP may be not sufficient to fully activate the proteasome, 

and that the �3 tail is another exact step for the residual gate-opening process in the 

26S holoenzyme state. 

 



Enhanced substrate degradation by open-gated proteasomes in cells 

Both free CP and holoenzyme complexes of��3�N proteasome showed significantly 

enhanced proteolytic activity by activity assay using purified human proteasomes. 

To confirm the effects of gate-opening in living cells, a verification using the �3�N 

cells was conducted. Various proteasome model substrates, including an ubiquitin-

dependent substrate GFPU, ubiquitin-independent substrate GFP-ODC, arginylation 

branch N-end rule model substrate Arg-GFP, and RGS4-GFP were overexpressed to 

the cell. In the �3�N cell line, all of transiently overexpressed substrates were 

significantly reduced, compared with wild-type cells (Figure 17A). However, 

cotransfected lacZ levels were similar in both cells. The GFP mRNA levels were 

comparable in both cell lines in the presence of all substrates (Figure 17B), indicating 

that accelerated model substrate degradation occurs post-translationally. Because of 

the short half-lives of these substrates, chase experiments were performed after 

temporal MG132 treatment, which also shown facilitated degradation of GFPU and 

GFP-ODC in the �3�N cells (Figure 18). Considering the both cell line show similar 

levels of GFPU and GFP-ODC protein after MG132 treatment, these data indicates 

that hyperactive mutant proteasome induce the degradation of proteasome substrate 

in living cell (Figure 18A and 18B). Besides, Ub-independent substrates, GFP-ODC 

showed a more sensitive response to the gate-opening mutation (Figure 18B). It 

appears that the proteasome exists as the form of free CP, singly-capped RP-CP, and 

doubly-capped RP2-CP in the cell, and that GPF-ODC proteins can be degraded by 

both 20S and 26S [88]. For this reason, a dramatic degradation effect could be 

observed in �3�N cells. 



 Endogenous proteasome substrates levels, including p53 and p62, were 

reduced by enhanced proteasome activity in the cell. Even increased unconjugated 

free Ub and decreased polyubiquitin levels were induced by hyperactive proteasome 

(Figure 19). In the case of ubiquitin conjugated forms, it seems to be reduced because 

it is sensitive to activity of ubiquitin-proteolytic system [89, 90], and the ubiquitin 

free form seems to be due to increased recycling of ubiquitin through the facilitated 

degradation of polyubiquitinated substrates. Also, one of autophagic marker protein, 

LC3-II levels were slightly increased in the �3�N cells compared with wild-type 

cells. However, in the presence of bafilomycin A1, this effect was diminished (Figure 

19). These findings suggested the possibility that autophagy flux, especially in the 

context of autophagosome-lysosome fusion step, can be inhibited by increased 

cellular proteasome activity. On the basis of this, it is observed that GFP-LC3 puncta 

was significantly increased in the �3�N cells (Figure 20). Therefore, proteasomes 

activity is one of key regulator between ubiquitin-proteasome and autophagy-

lysosome system (ALS) [91]. The underlying molecular mechanism of the crosstalk 

has recently been reported [92]. 

 Then, I examined the degradation of various aggregation-prone and 

neurodegenerative disease-implicated proteins including �-synuclein (�-Syn) and 

tau. The accumulation or aggregation of �-Syn and tau are implicated in Parkinson's 

and Alzheimer's diseases, respectively [93, 94]. Many of pathological proteins are 

known as substrates of the proteasome because aggregates of these proteins are 

usually co-localized with ubiquitin [95]. Also, impaired proteasomes activity is 

recognized as one of key factor in the progression of these diseases [96-98]. 



Transiently overexpressed �-Syn and tau were dramatically decreased in in the 

�3�N cells, compared with those in control cells (Figure 21A and 21B). This effect 

was more prominent in the cells expressing more mutant �3 (Figure 21B). Since 

intrinsically unstructured proteins such as �-Syn and tau can be effectively degraded 

by CP, decreased levels of both �-Syn and tau are also to be expected as the 

consequence of both the open-gated CP and holoenzyme complexes [74]. This is the 

same case with the GFP-ODC. On the other hand, adding back wild-type �3 to the 

�3�N mutant cells showed significantly abolished effect of the �3�N induced gate-

opening. In this case, both tau and �-Syn degradation are inhibited by wild-type �3 

expressions which has normal gating function (Figure 22A and 22B). Moreover, the 

level of green fluorescence protein (GFP) tagged �-Syn was statistically 

significantly decreased by hyperactivity of proteasomes in the �3�N cells (Figure 

23A and 23B) through facilitated degradation of soluble �-Syn [99]. The mRNA 

levels of �-Syn or tau, especially experiments that confirmed the effects of �3�N 

mutation or recusing wild-type �3 (Figure 22C and 22D). Taken together, even 

pathological proteins degradation can be facilitated by hyperactive gate-opened 

proteasome through �3�N mutation in mammalian cells. 

 

Delayed tau aggregation by open-gated proteasomes 

To explore the possibility that enhanced proteasome activity may be beneficial to 

cells by delating pathological protein accumulation and aggregation. UPS can 

degraded tau proteins in the early stages of tauopathy and during AD progression 

[95]. I used a HEK293-derived doxycycline (Dox) inducible cell line that expresses 



the longest isoform of human tau (htau40) [100]. Using these cells, tau expression 

can be finely controlled since dose-dependent expression is possible [60, 74]. Even 

SDS-insoluble tau aggregation, which is known as pathological hallmark of AD, can 

be produced in this cell line with high dose of Dox treatment during 2 days (Figure 

25). To observe the effects of proteasome activity to tau proteins level, �3�N tau 

inducible cells were transfected with �3�N mutant and treated with 300 pg/mL Dox. 

The levels of induced tau proteins monomer were mildly decreased by �3�N mutant 

transfection compared with that of wild-type �3 transfections (Figure 24A). The 

transient overexpression effect is weaker than the stable cell line. Also, expression 

of tau induced by 300 pg/mL Dox was not sufficient, so tau oligomers were not 

detected. When the Dox increased to 700 pg/mL, oligomeric forms of tau could be 

observed, and the tendency was remarkably decreased by �3�N overexpression 

(Figure 24B). Although the oligomers of tau were significantly reduced in this 

concentration of Dox, little effects of �3�N overexpression on monomeric tau 

degradation were observed. Therefore, the levels of induced tau and its tendency to 

aggregate appear to limit the effect of enhanced activity by gate-opening in 

mammalian cells. 

 Hyper phosphorylated tau accumulation in neuronal cells forms paired 

helical filaments (PHFs) which is intraneuronal filamentous inclusions. When this 

process intensified, neurofibrillary tangles (NFT) are produced and becomes an 

important factor in the cause of AD and pathological hallmarks. To observe the 

amount of phosphorylated tau, an antibodies capable of detecting phosphorylated at 

Ser396 or Ser199/202 were used. Similar with total tau propensity, phosphorylated 



tau proteins were significantly reduced in 300 pg/mL Dox-treated �3�N 

overexpressed cells. Also, 700 pg/mL Dox induced phosphorylated tau was slightly 

reduced in �3�N transfected cells (Figure 24C). Relative mRNA levels of tau 

between wild-type and �3�N cells were no significant difference (Figure 24D). With 

the mRNA levels of tau, the acceleration of tau degradation occurred after the post 

translation, which is the results of increased proteasome activity by opening the gate. 

Since accumulated tau proteins in neurons and forms the aggregation can induce the 

neuronal death, which is closely connected with both neurodegeneration and 

cognitive dysfunction, these results suggest that a rapid degradation of the 

pathological proteins that are likely to accumulate or aggregate through the increased 

proteasome activity via open gate could be used as one of effective therapeutic target 

for AD and other pathological protein accumulation related disease. 

 Delayed tau aggregation was further analyzed by separating the Triton X-

100 insoluble fraction using tau cell lysate which expression were induced by 700 

pg/mL Dox. Consistently, it was confirmed that the insoluble tau aggregates in P1 

and P2 fractions obtained by continuous and various centrifugation conditions were 

significantly reduced by �3�N (Figure 25). I used tau-BiFC cell line, which is stably 

expressing htau40 with bimolecular fluorescence complementation (BiFC), to 

quantify and visualize the tau oligomerization in living cells[76]. The induction of 

tau aggregation in this cell line results in a strong venus fluorescence signal. Similar 

to the previous tau related results, the tau-BiFC cells also showed open-gated �3�N 

proteasomes considerably reduced tau aggregation compared to expressing wild-

type �3. Their quantitative differences were statistically significant (Figure 26).  



 Then silica-based mesoporous nanoparticles (MSNPN) bounded with 

purified proteasomes were directly delivered into tau inducible cells. As previously 

reported [74], nanoparticles had several pore, and nickel moieties exist in the pore. 

Through the nickel moieties, holoenzyme proteasome could be interacting by 

noncovalent interactions with the poly-histidine (6x His) tag of purified proteasomes. 

Each pore sizes existed from 25 and 30 nm, which is enough to contain the 

proteasome holoenzyme complex when considering double-capped RP2-CP size [74]. 

Direct delivery of purified proteasome with nanoparticle showed decreased level of 

tau proteins compared with nanoparticle only control group. In this tendency, 

hyperactive mutant proteasomes delivery showed more significant decreased levels 

of tau than wild-type proteasomes (Figure 27). These data indicating that, direct 

delivery of exogenous proteasome using nanoparticle, hyperactive proteasome is 

better way to reduce and delay the tau aggregation in proteotoxic conditions. 

Furthermore, decreased level of tau proteins due to enhanced proteasome activity 

through gate-opening were partially dependent on the amount of tau expression 

(Figure 27). These results show that it is possible to induce more efficient 

degradation of accumulated proteins by hyperactive proteasome in non-ideal 

conditions, force the substrate for degradation overload on the UPS, such as 

overexpressed tau, but may have limited capacity. I also speculated that opening the 

CP gate may also reduce the level of oxidized proteins in cells, which are major 

substrates of proteasomes and increase with age and neurodegeneration.  

 So, I have confirmed the effect on oxidized protein degradation by 

enhanced proteasome activity through CP gate-opening. In addition, the importance 

of degradation of oxidized proteins is emphasized because it is increasing and 



accumulating with the age and some papers report that accumulating oxidized 

protein causes various diseases and induces aging. Menadione which generate 

Reactive oxygen species (ROS) through redox cycling was used for induce oxidized 

protein production in the cells. Oxidized proteins were labeled with 2,4-

Dinitrophenyl (DNP) and analyzed using an anti-DNP antibody through DNP 

moieties in their carbonyl group. Because of facilitated degradation of oxidized 

proteins by hyperactive proteasome, the �3�N cells showed considerably reduced 

levels of oxidized proteins than wild-type cells (Figure 28A). Additionally, �3�N 

cells showed more increased viability to toxicity caused by oxidative stress induced 

by menadione (Figure 28B). Generation of free radical and increased level of 

oxidized proteins were one of factor of neurodegenerative disease. Excessive 

generation of oxidized protein makes protein aggregates and closely related with 

neuronal dysfunction and death [101]. These results indicate that increasing the 

substrate degradation through open-gate hyperactive proteasome greatly contributes 

to cell survival in that it delays both aggregation of pathological protein and 

accumulation of oxidized proteins in neurodegenerative disease progression. 

 

Identification and validation of hyperactive proteasome-sensitive targets 

by TMT-MS 

The overall intracellular protein changes that were changed by hyperactive gate-

opened proteasomes were identified by multiplexed quantitative proteomics based 

on TMT-MS (Figure 29). So far, in order to screen the proteasome substrates in 

proteomic studies, most studies have investigated to identify the changed proteins in 



the presence of proteasome inhibitors [102, 103]. On the other hand, there is no 

previous study on the changes of UPS proteome through activation of proteasomes. 

Whole protein samples were isolated from wild-type and �3�N cells. This process 

was repeated through three independent experiments. The proteins obtained in this 

triplicates were highly reproducible as a result of the methods hierarchical clustering 

and intra-group component analysis. Six independent samples were labeled using 6-

plex isobaric TMT reagents. They were then pooled together for equivalent 

comparison and fractionated by basic RP-HPLC. These samples were analyzed by 

the MS methods, and a total 7,031 proteins were successfully quantified (Figure 29). 

Based on p-value and fold change, which is increased or decreased more than two-

times, 332 proteins were identified as significant changes (Figure 30). Among the 

332 significant proteins, 201 proteins were decreased in �3�N cells, although 131 

proteins were increased. These results include a direct result of increased overall 

UPS activity by hyperactive proteasome, as well as results contain not only mediated 

by non-proteolytic but also secondary effects generated by enhanced proteasome 

activity. An example of a secondary effect that can be inferred from the result is a 

part of the UPS-autophagy communication. 

 The global proteomic analysis can be verified by immunoblotting against 

the intracellular endogenous proteins that previously performed (Figure 19). The 

same tendency as in the previous experiment was confirmed by the quantitative 

analysis of TMT-MS. Both results show that p53 and p62 protein levels were 

considerably reduced in hyperactive �3�N cell. (Figure 31). Considering that p62 is 

a substrate that can be degraded by both proteasome and autophagy, decreased p62 



in �3�N cells reflects a direct effect of hyperactive proteasome through gate-opening. 

However, LC3 protein levels were significantly increased in both results. Recent 

studies identified that autophagy flux can be inhibited by increased proteasome 

activity [92]. It seems that hyperactive proteasome has a negative effect on 

autophagy, which may be associated with increased protein in �3�N cells. (Figure 

19 and 31).  

To further confirm the acceptability of my candidate of target substrates 

which are degraded by hyperactive proteasome. Some of the significantly reduced 

proteins in the �3�N cells identified in the TMT-MS analysis were verified by 

immunoblotting analysis (Figure 32). In �3�N cells, the number of proteins that 

related to cell motion, such as SGPL1, UNC5B, DCDC2, ITGA4, SCARB1, ApoB, 

were significantly decreased. (Figure 33A and 33B). And I found that ~ 55% (121 

out of 201) of hyperactive proteasome substrates were consistent with a previous 

identified ubiquitome by several reports (Figure 34) [104-106]. Through various 

validation, it was confirmed that many proteins from TMT-MS are substrates capable 

of degradation by hyperactive proteasomes. 

 Substantial fraction of the hyperactive proteasome target proteins was 

analyzed by the method of gene ontology (GO) enrichment. As a result, the target 

substrates reduced by hyperactive proteasomes were functioning as the UPS, cellular 

metabolism, protein folding, oxidation/reduction, and growth regulation (Figure 35) 

At a present, it is difficult to understand and interpret what processes on the substrate 

determine the priority for proteasomal degradation. However, determination of the 



ability and selectivity of the hyperactive proteasome, particularly the removal of 

various protein toxic proteins, should be preceded.  

Next, I look at various levels of polyubiquitination and its linkage 

specificity, which are important factors in determining substrate fate. Much of the 

relevant biochemical issues have not yet been answered about the ubiquitination [107, 

108], but it is expected that different relations will be individually controlled and 

recognized. I found that the Lys63 (K63)-linked polyubiquitin chains were 

considerably reduced in the �3�N cells. On the other hand, other linkage types such 

as Lys6, Lys 11, Lys 27, Lys29, and Lys48 were moderately similar (Figure 36). 

Recently, it is identified that cellular oxidative stress can be sensed and regulated by 

K63 mediated polyubiquitination [109].Taken together, these results and my 

previous data that hyperactive proteasome cells were more resistant to oxidative 

stress induced cell death (Fig.) suggests that proteasome activity plays a major role 

in reducing oxidative stress. Contrary to other linkages, K33-linked polyubiquitin 

chains were significantly increased in �3�N cells (Figure 37). However, K33-linked 

polyubiquitin chains biological roles and functions have not been studied extensively 

[110]. It was reported that K33-linked form occupies a small fraction of the whole 

ubiquitome and is not significantly accumulated after treatment with proteasome 

inhibitors in contrast to other Ub linkage types were increased [111]. K33-linked 

ubiquitin chain may play a role in sensing the activity of proteasome through the 

non-proteolytic process under massive changes of the UPS substrates. Overall, I 

found that hyperactive proteasome by opening-gate mutants induce global proteome 

changes in mammalian cells. However, these enhanced proteasome activities altered 



the global proteome at a level that cells could tolerate. Under normal conditions, the 

proteasome was suggested to function in tonic inhibitory state [54, 112]. Therefore, 

my results suggest that targeting gate-opening mechanism to enhance the proteasome 

activity may be a possibly helpful interfering on cell under mild proteotoxic protein 

accumulation by promoting the protein degradation (Figure 38). 

  



 

 

 

Figure 2. A schematic diagram of ubiquitin-proteasome system. 

Ubiquitination on lysine residues of substrate protein can be catalyzed by at least 

three enzymes (E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme, 

and E3 ubiquitin ligase). Polyubiquitinated substrates generated by repeated 

conjugation of ubiquitin moieties are then recognized and degraded by 26S 

proteasomes. 

 

 

 



 

 

Figure 3. A schematic diagram of the 26S proteasome and multi-step process of 

proteasomal degradation. 

26S proteasomes are one of biggest and complicated protein complex in the cell. 

Structurally and functionally it can be divided into two parts, one is 19S regulatory 

particle (RP), and the other one is 20S core particle (CP). Proteasomal degradation 

is multi-step process consisting of polyubiquitin chain recognition by ubiquitin 

receptor, deubiquitination by deubiquitinating enzymes, substrate unfolding and 

translocation of unfolded substrates to the CP catalytic chamber pass through the 

gate, and hydrolysis by three kinds of catalytic site. 



 

 

 

Figure 4. A schematic diagram of RP conjugation with CP. 

The RP conjugated with CP undergoes significant subunit rearrangement of RP from 

a pre-engaged conformation to an engaged conformation in the presence of ATP�S 

or ubiquitinated proteins. In engaged conformation, proteasome show co-axial 

arrangement between translocation channels of the Rpt-ring and the �-ring [113]. 

 

  



 

 

 

 

 



 

Figure 5. Sequence alignment of highly conserved N-terminal regions of ��3 

from yeast to human. 

(A) A horizontal view of the proteasome core particle (CP) and an upper view of the 

� ring (PDB ID: 1IRU). Of the seven ��tails, �3 N-terminal tail project most deeply 

into the CP translocation channel. N-terminal residues (SRRYDSRTT) of human �3 

(indicated by the red circle) were deleted to generate the open-gated mutant of human 

proteasomes. (B) Amino-acids sequence alignment of the evolutionarily conserved 

N-terminal regions of � 3 orthologs across the eukaryotes. Comparative identity for 

the aligned N-terminal regions and the residual regions of �3s are indicated as scores. 

  



 



 

Figure 6. Establish a stable cell line expressing open-gated mammalian 

proteasomes. 

(A) �3�N cell lines were generating to study gating mechanism. Overexpressing the 

flag-tagged form of �3 with N-terminal 9-residue deletion were carried out in the 

HEK293-�4-biotin cell line through transient overexpression and following 

selection of dominant negative clones. Two clones of stable cell lines were obtained 

and analyzed by Immunoblotting (IB) using Whole cell extracts (WCE). All cells 

had similar levels of proteasome subunits (�3, �7, and ADRM1). The flag antibody 

was used to identify �3�N, and the highest level of protein expression was validated 

in the �3�N #2 clone. (B) Endogenous �3 and exogenous �3�N mRNA levels were 

measured by reverse transcription-polymerase chain reaction (RT-PCR) and 

visualized by using ethidium bromide after agarose gel electrophoresis. In the stable 

cell line, endogenous �3 mRNA tended to decrease, but it was found to have a 

significant level of exogenous �3�N mRNA. (C) Same as B, mRNA levels were 

compared except that the quantitative RT-PCR (qRT-PCR) was used. I have analyzed 

quantitatively that �3�N subunits were expressed about 18 times more than 

endogenous �3 in �3�N #2 clone. *, p < 0.001 (n=3, Two tailed Student-t test). 

  



 

 

 

Figure 7. Identical proteasome subunit integrity and abundance of ��3�N 26S 

proteasome compared with wild-type. 

(A) Human 26S proteasomes were purified from wild-type and �3�N cells. 

Coomassie-stained SDS-PAGE analysis showed that, �3�N mutant 26S 

proteasomes overall subunits integrity and composition were identical with wild-

type. They have no distinct changes. (B) IB analysis was conducted using various 

antibodies against CP and RP subunits (�3, �7, and ADRM1), flag for �3�N, and 

proteasome associate deubiquitinating enzyme Usp14. From the stoichiometry of �3, 

mutant subunits appeared to be well assembled in proper in the CP complex.  

  



 

 

 

Figure 8. Enhanced proteolytic activity in ��3�N CP compared with wild-type. 

(A) Isolated CP and RP from the wt and �3�N cell lines through affinity-based 

purification and several washing step in high salt concentration. Purified CP and RP 

were analyzed by Coomassie-stained SDS-PAGE. (B) To measure proteolytic 

activity of purified CP, suc-LLVY-AMC assay was used. �3�N CP showed more 

than ~ 3-fold higher chymotrypsin-like activity compared with wild-type CP. 

  



 

 

 

Figure 9. All catalytic sites activity enhancement in ��3�N CP. 

Using fluorogenic peptide substrates, the three different proteolytic sites activity in 

the purified CP were measured. The chymotrypsin-like �5, trypsin-like �2, and 

caspase-like �1 activity were similarly elevated measured by suc-LLVY-AMC, Boc-

LRR-AMC, and Z-LLE-AMC hydrolysis, respectively. 

  



 

 

 

Figure 10. ��3�N 26S proteasomes showed ~1.6 higher peptidase activity than 

wild-type in the presence of ATP�S. 

Purified 26S proteasomes from both wild-type and �3�N cells were used to measure 

suc-LLVY-AMC hydrolysis activity. Enhanced proteasome activity was also 

observed when the �3�N CP forms the 26S holoenzyme. In the presence of ATP�S, 

activity of wild-type 26S proteasomes was significantly stimulated. This stimulation 

effect was more dramatic on the �3�N 26S proteasome (About 1.6 times higher 

activity than wild-type). 

  



 

 

 

Figure 11. Measurement of enzymatic kinetics of 26S proteasomes using 

Michaelis-Menten equation. 

Michaelis-Menten plot, KM, and kcat values of wt and �3�N 26S proteasomes were 

obtained by concentration-dependent suc-LLVY-AMC hydrolysis for 15 min in the 

presence of ATP�S. The data used to calculate the enzyme kinetics corresponded to 

a hyperbolic curve by nonlinear regression (R2 > 0.98). Representative values of each 

data were obtained through at least three independent experiments and each data 

points mean ± SD. The KM values were similar but kcat value of �3�N 26S was 

significantly higher than wild-type.  

 

 



 

 

Figure 12. Reconstitution of 26S holoenzymes using wt or ��3�N CP with various 

molar ratio of wild-type RP. 

In vitro reconstitution of 26S holoenzymes were conducted using wild-type or �3�N 

CP with different molar ratio of wild-type RP. Each activity was measured by suc-

LLVY-AMC hydrolysis assay. As activity increased with the addition of RP, the 

differences between the �3�N proteasome and the wild-type proteasome gradually 

diminished. The maximum stimulation of proteasome activity was obtained when 

CP and RP were added at a ratio of 1:2. At this ratio, the activity of �3�N proteasome 

was slightly increased compared to wt. These results were similar to the results 

obtained using purified 26S proteasome in the absence of activity stimulation. 

  



 

 

 

Figure 13. Proteasomes activity in substrate engaged conformation induced by 

Ub-Sic1PY or ATP��S. 

(A) Substrate engaged conformation of RP was induced by polyubiquitinated 

proteasome substrates. In the presence of polyubiquitinated Sic1 (Ub-Sic1PY), both 

purified wild-type and �3�N proteasome showed dramatically enhanced suc-LLVY-

AMC hydrolysis activity, but not in the presence of unmodified Sic1. (B) Same as A, 

except ATP�S were used to induce conformational changes of RP as translocation-

competent states. The RP conformation change is not sufficient to fully activate or 

opening the gate of the proteasome. 



 

 

 

 

Figure 14. Model for CP and RP gate opening mechanisms and the effect of 

��3�N mutation. 

RP conformational change induced by ATP or Ub-protein seems not sufficient for 

proteasome to accomplish the fully activated status. Gate opening by RP is 

incomplete, and the deletion the �3 N-terminus tail seems critical for the residual 

proteasome activity [113]. 

  



 

 

 

Figure 15. Facilitated polyubiquitinated substrate degradation by ��3�N 

proteasome. 

(A) More physiologically-relevant protein substrate, Ub-Sic1PY degradation assay 

using purified wild-type and �3�N 26S proteasomes in vitro. Ub-Sic1PY degradation 

was monitored by SDS-PAGE/IB using an anti-T7 antibody. (B) Quantification of 

Ub-Sic1PY proteins. From the relative Ub-Sic1PY level, �3�N 26S proteasome 

showed more rapidly degradation of polyubiquitinated substrate than wild-type 

 

  



 

 

 

Figure 16. ��3�N proteasome showed facilitated Ub-Sic1PY degradation in 

ATP�S-enriched conditions. 

ATP�S-enriched conditions delayed the degradation of Ub-Sic1PY. Even in the loss 

of substrate translocation functionality of RPT ring by ATP�S, opening the CP gate 

showed facilitated polyubiquitinated protein degradation. 

 

 

 

 



 

 

 

 



 

Figure 17. Overexpressed proteasome model substrates were significantly lower 

in the ��3�N stable cells.  

(A) Proteasome substrates including GFPU, GFP-ODC, Arg-GFP, and RGS4-GFP 

were transiently overexpressed for 24 h in wild-type and �3�N cell line. They were 

significantly lower in �3�N cell line. However, LacZ control proteins were 

comparable in both wild-type and �3�N cells. Short exp and long exp, short and 

long exposure of the blot, respectively. (B) Same as A, except mRNA was isolated 

from cultured cell. Real-time PCR reactions were then performed. The GFP mRNA 

levels were not changed in the presence of all substrates. The GAPDH mRNA levels 

were used to normalize the GFP mRNA levels. The error bar represents the means ± 

SD from three independent experiments (n=3). 

  



 

 

 



 

Figure 18. The chase experiment using GFPU and GFP-ODC, accelerated 

substrate degradation by open-gate mutant proteasome. 

(A) The proteasome substrate GFPU and GFP-ODC proteins were transiently 

overexpressed for 24 h in wt and �3�N cell lines. Then chase experiments were 

conducted at the indicated time point after the addition of 75 �g/ml cycloheximide 

(CHX) at time zero. Because of the rapid degradation of GFPU and GFP-ODC, 

treatment of 10 �M MG132 for a short period of time (4 h) and extensive wash-out 

with PBS preceded the addition of CHX. (B) Their quantification at the indicated 

time points using Image J software (ver. 1.48k, NIH) are shown. Each GFP signals 

were calibrated to the corresponding endogenous �-actin. Both ubiquitin-dependent 

and ubiquitin-independent substrate degradation were accelerated by �3�N induced 

gate opening. 

 

  



 

 

Figure 19. Various endogenous proteins were changed in ��3�N cell even though 

in the presence of bafilomycin A1. 

Various endogenous proteins were changed in �3�N cell lines compared with wild-

type. The cell cycle checkpoint protein p53 and the selective autophagy receptor p62 

were significantly. In addition, the levels of the polyubiquitin were also reduced, 

which also showed an increase in the unconjugated free Ub level. On the other hand, 

the level of LC3-II was slightly increased in �3�N cells, which was observed to 

disappear when treat the bafilomycin A1, an autophagy inhibitor, for 4h before 

harvest the whole cell extracts.



 

 

Figure 20. LC3-GFP and DAPI counter staining in wild-type and ��3�N cell lines. 

The LC3-GFP proteins were transiently overexpressed for 24 h in both wt and �3�N 

cells. Then LC3-GFP and DAPI counterstaining was carried out and conducted the 

microscopic fluorescence analysis. Yellow arrows indicate LC3 puncta in the cells. 

Consistent with Figure 19, LC3-GFP puncta were significantly increased in the 

�3�N cells. 

  



 

 

Figure 21. Various proteotoxic proteins including tau and ��-SYN proteins were 

transiently overexpressed in wt and �3�N cells. 

(A) Transiently overexpressed tau proteins 24 h in wt and �3�N cells. (B) Same as 

A, except �-synuclein (�-SYN) proteins were overexpressed. Each proteins level 

was observed followed by immunoblotting analysis using tau, His for �-SYN, 

various proteasome subunits (�3, �7, and ADRM1), and �-actin. Both 

overexpressed proteins were significantly decreased in �3�N cells, especially in 

�3�N #2 clone.  



 

 

 

  



 

Figure 22. Adding back wild-type ��3 to the �3�N cells abolished the effect of 

hyperactive proteasome mediate enhanced degradation of tau and �-SYN. 

(A) Sequential expression, in which �3 was expressed for 24 h first and then tau 

proteins were expressed 24h, proceeded to the �3�N cells. (B) Same as A, except �-

SYN proteins were overexpressed instead of tau. (C) Same as A, except mRNA was 

isolated from cultured cell. Real time-PCR was performed using primer for tau. (D) 

Same as B, after the mRNA isolation, Real time-PCR was performed using primer 

for �-SYN. GAPDH mRNA levels were used for normalizing each tau and �-SYN 

levels. The error bar and representative plotted values are the means ± SD from three 

independent experiments (n=3). �-SYN and tau proteins were regulated by �3�N 

hyperactive proteasome in post-translation. 

  



 

 

Figure 23. ��-SYN-GFP signals were significantly decreased in �3�N cell line 

compared with wild-type cells. 

(A) GFP tagged �-SYN proteins were transiently overexpressed for 24 h in wt and 

�3�N cell lines. Then �-SYN-GFP and DAPI counterstaining was carried out. (B) 

Quantification of �-SYN-GFP signals normalized with DAPI signals. Error bars 

represent the means of percent values (relative to the GFP signal in wt cells) ± SD 

from three independent experiments. *, p < 0.001 (n=3, Two tailed Student-t test). 



 

 

 



 

Figure 24. Enhanced tau protein degradation and delayed tau aggregation by 

gate-opening induced by ��3�N. 

(A) HEK293-derived doxycycline inducible tau cell line (HEK293-TREX-htau40) 

were transfected for 24 h with plasmids encoding wt �3 and �3�N. Then cells were 

treated with 300 pg/mL doxycycline (Dox) for 24 h to induce tau expression. Tau 

monomer was decreased under �3�N overexpression. (B) Same as A, except that a 

higher concentration of Dox (700 pg/mL) were treated for 48 h. High dose of Dox 

were used to induce aggregated forms of tau. The levels of tau oligomers were 

significantly decreased in �3�N overexpressed condition. (C) Phosphorylated tau 

proteins were observed in 300pg/ml or 700pg/ml using phosphorylation-specific tau 

antibody (Ser 396 and Ser 199/202). Phosphorylated tau protein levels were also 

significantly decreased by degradation mediated by hyperactive proteasome. (D) 

Same as A, mRNA was isolated from cultured cells. Real time-PCR experiments 

were carried out to compare tau mRNA levels in the inducible tau cell lines. GAPDH 

mRNA levels were used for normalizing each tau mRNA levels. 

  



 

 

Figure 25. Assaying tau aggregation in cultured cells and isolate the soluble and 

insoluble fraction after overexpression the wild-type ��3 or �3�N. 

Tau proteins expression were induced by 500 ng/mL Dox treatment for 48 h in 

HEK293-TREX-htau40 cell lines, and tau in SDS-soluble and -insoluble fractions 

were separately isolated and compared using 1% Triton X-100 based lysis buffer and 

sequential centrifugation. Each P1, P2, and S2 represent pellets after 200 × g, pellets 

after 16,000 × g, and supernatants after 16,000 × g centrifugation runs, separately. 

Short exp and long exp, short and long exposure of the blot, respectively 

 

  



 

 

Figure 26. Quantification and comparison of tau oligomer after overexpress the 

wild-type ��3 and �3�N. 

(A) Comparison of tau oligomerization after tau-BiFC cell lines were transfected for 

24 h with �3 or �3�N. Then 30 nM of okadaic acid (O.A) was added for 24h to 

induce tau phosphorylation and generate the tau oligomerization. (B) Quantification 

of A. Error bars represent the mean (± SD) from three independent cultures. 

  



 

 

 

Figure 27. Direct delivery of purified proteasome using MSNPN and compare 

the effect of wild-type and ��3�N hyperactive proteasomes. 

Direct cellular delivery of purified wild-type (wt) and �3�N mutant proteasomes 

using mesoporous silica-nanoparticles with nickel moieties (MSMPN). The 

proteasome-nanoparticle complexes were resuspended in culture media for cellular 

delivery. Tau proteins were induced in HEK293-TREX-htau40 cells using 

doxycycline (Dox) with the indicated concentrations for 24h. 



 

 

 

  



 

Figure 28. The protective role of ��3�N against oxidative stress by menadione. 

(A) Wild-type (wt) and �3�N cell lines were treated with menadione (25 �M) for 2 

h to induce the reactive oxygen species (ROS). Oxidized proteins were labeled with 

2,4-dinitrophenylhydrazine (DNPH). Then labeled oxidized proteins were analyzed 

by immunoblotting with anti-dinitrophenyl (DNP) antibody was. (B) Cell survival 

under oxidative stress was measured using modified MTT assay in wt and �3�N 

cells. Menadione was treated as the indicated concentrations for 4 h. Values and error 

bars are represented as mean ± SD (n=3). *, p < 0.01 (one-way analysis of variance 

(ANOVA) with Bonferroni's multiple comparison test). 

 

  



 

 

 

Figure 29. Outline of the identification of ��3�N proteasome sensitive targets 

using TMT-MS. 

(A) Overview of the multiplexed quantitative proteomics using quantitative tandem 

mass tag-mass spectrometry (TMT-MS) approach. It was used to identify the 

hyperactive proteasome-sensitive target substrates. Three independent cultures of wt 

and �3�N cells, whole cell lysates were individually isolated. Each protein samples 

were labeled with 6-plex isobaric TMT-reagents, mixed, and analyzed through LC-

MS. 



 

 

 

Figure 30. Volcano plot of the total of 7,031 proteins quantified from TMT-MS.  

Volcano plot of the 7,031 quantified proteins. The primary threshold for data 

evaluation was p-value cutoff (p=0.05) and more than two-fold changes. By these 

standards, 332 proteins showed significant alterations between wt and �3�N. Log2 

ratios of wt/�3�N cells are shown with black (<2-fold change), green (>2-fold 

higher in �3�N), and red (>2- fold lower in �3�N) spots.  

  



 

 

Figure 31. TMT-MS data consistent with results of previous immunoblotting. 

Initial validation of global proteomic analysis with the immunoblotting data on 

endogenous proteins in wt and �3�N cells. The tendency of representative 

quantifying of p62, LC3, and p53 levels by TMT-MS and the results of endogenous 

proteins IB-based analysis in Figure 19 was coincided. 

  



 



Figure 32. Validation of hyperactive proteasome sensitive target proteins by 

immunoblotting. 

Hyperactive proteasome-sensitive target substrates obtained by TMT-MS based 

quantification, were verified by immunoblotting. The reduced protein in �3�N cells 

identified by TMT-MS analysis also showed the same result in immunoblotting using 

various antibodies.  

 



 

Figure 33. Function of cell motion involved proteins were significantly 

decreased in ��3�N cells. 

Hyperactive proteasome-sensitive target substrates whose function related with cell 

motion, such as SGPL1, ApoB, UNC5B, DCDC2, ITGA4, and SCARB1 proteins 

were significantly decreased in �3�N cells. However other stable proteins or 

proteasome subunits, such as ADRM1, �7, �-actin, and GAPDH were not changed 

in wt and �3�N cells.   





Figure 34. Comparing hyperactive proteasome-sensitive substrate obtained 

from TMT-MS analysis with ubiquitome data sets generated from different 

studies. 

(a) My hyperactive proteasome-sensitive substrate list was compared with 

ubiquitome data of previous reports. Venn diagram showing numbers of shared 

proteins with other ubiquitome data sets, which include this study, Kim et al 

(Molecular Cell, 2011, 44, 325-340), Yen et al (Science, 2008, 322, 918-923), and 

Udeshi et al (Nature Protocol, 2013, 8, 1950-1960). (B) List of 21 proteins common 

to all ubiquitome data sets (yellow shades of panel A).  

  



 

 

Figure 35. GO analysis for hyperactive proteasome-sensitive substrates. 

Highlights of several important biological pathways and functions through gene 

ontology (GO) analysis. Several metabolic and biological processes, including the 

UPS, cell death, oxidation/reduction cell adhesion, growth regulation, stress 

response, and protein folding were related with hyperactive proteasome-sensitive 

substrates. 

  



 

 

 

Figure 36. Relative abundance ratio of polyubiquitin linkage types.  

Relative abundance specific linkage types ratio of polyubiquitin chain from TMT-

MS analysis between wt and �3�N cells. The Lys63 (K63)-linked polyubiquitin 

chains were significantly decreased in �3�N cells, while K33-linked polyubiquitin 

chains were increased. *, p < 0.05 (n=3, Two tailed Student-t test). 

 



 

 

Figure 37. Comparing K48- and K63-linked Ub chains in wt and ��3�N cells. 

Whole cell extracts isolated from wt and �3�N cultured cells and analyzed by 

immunoblotting using monoclonal antibodies specific for Lys48 linkage (apu2 

clone), Lys63 linkage (apu3 clone), and total Ub conjugates (FK2 clone). These IB 

based analysis are consistent with the results of relative abundance of polyubiquitin 

linkages by TMT-MS in Figure 36. 



 

 

 

Figure 38. Hypothetical models for the role of hyperactive proteasome in 

pathological proteins modulation by effective degradation. 

The application of hyperactive proteasome could be an effective approach to 

modulate the levels of pathological proteins level and delay the accumulation or 

aggregation. Enhancing proteasome activity through gate-opening should be one of 

potentially beneficial to cells under various proteotoxic stress caused by misfolded, 

oxidized, and aggregation-prone proteins [113].



 

Discussion 

 

Here I demonstrate that the N-terminal tail of the �3 subunit plays and important 

role in the function of the mammalian proteasomes CP gate. Deletion the 9-residue 

in �� N-terminus tail results in activation of mammalian proteasome through the CP 

gate opening. The open-gated mutant proteasome showed significant increases in the 

hydrolysis of the short peptide based fluorescent substrate, typically suc-LLVY-

AMC and in the degradation of the more physiological relevant proteasome 

substrates Ub-Sic1PY in vitro. Opening CP gate enhanced the activity of free CP as 

well as 26S proteasome holoenzyme complex. Even in state of translocation-

competent induced by ATP�S or polyubiquitinated proteins, open-gate mutant 

proteasomes showed enhanced activity compared with normal proteasomes. Unlike 

the previous studies that considering the RP as the modulator of overall proteasomes 

proteolytic activity and CP would play a passive role, my results indicated that the 

CP gating system is another critical rate-limiting step of proteasome activity. Gating 

system of CP may function as an essential regulator of the substrate translocation to 

the catalytic core in mammalian proteasomes. Proteasomes play a substantial role in 

the degradation of misfolded, toxic, pathological, and aggregation-prone protein in 

cells. For this reason, inducing efficient degradation by enhanced proteasome 

activity through gate opening may lead to beneficial effects on various disease such 

as Alzheimer’s disease or Parkinson’s disease caused by pathological proteins 

accumulation. The cells expressing �3�N proteasome showed significantly reduced 



level of overexpressed tau and �-SYN. Also, the tau aggregates were decreased by 

�3�N proteasomes. In addition, �3�N proteasome expressing mammalian cell 

showed dramatically increased cell survival even in oxidative stress caused by ROS 

due to increased proteasome activity. Considering that the enhanced proteasome 

activity through the CP gate was tolerable to the mammalian cells, this approach 

could be a useful way to study the regulatory mechanism of mammalian proteasome, 

investigate the molecular linkage between proteasome activity and autophagy flux, 

and the modulation of aggregation-prone proteins level through enhanced 

proteasome activity in the cells. Application of enhancing the proteasome activity 

through regulation of gate opening mechanism is not restricted to neurodegenerative 

diseases. It is also applicable to various disease caused by pathological, toxic, 

oxidized proteins accumulation. Thus, hyperactive proteasome with open-gate 

mutations can have potentially beneficial effects on cells under numerous 

proteotoxic or oxidative stress. The results of this study suggest that controlling the 

gate-opening of the CP, unlike conventional approaches to proteasome activity 

regulation, may be a new therapeutic target for disease (Figure 38). 

  



 

 

 

CHAPTER 3 

 
Quality Control Mechanism of 

Mammalian Proteasome via Autophagy
 

  



 
Introduction 

Proteolysis in the cell regulates a variety of homeostatic pathways, including cell 

division, gene expression, and signal transduction, responding to environmental 

changes and nutritive conditions for survival [1-3]. In addition, selective proteolysis 

serves to the protein quality control (PQC) machinery in the cell by removing 

defective, misfolded, and potentially harmful proteins cell. Two intracellular 

machineries, the ubiquitin (Ub)-proteasome system (UPS) and the autophagy-

lysosome system (ALS; henceforth referred to as autophagy), are responsible for the 

controlled protein degradation in eukaryotes. The UPS accounts for the major 

portion of cellular proteolysis, continuously clearing most of short-lived proteins 

with polyubiquitin (polyUb) chains assembled with different linkage conformations 

[4-6]. To the contrary, autophagy, where the overall process recruiting membranes 

is energetically highly expensive, is operated at the basal level under normal 

conditions. Autophagy is induced upon bioenergetics and other needs to degrade not 

only otherwise long-lived proteins but also nonproteinaceous components in the cell 

to provide energy and anabolic substrates to the cell [7, 8, 29].  

While bulky autophagy degrades numerous cytoplasmic entities and 

organelles in a nonselective manner [27, 28], in specific situations, selected 

substrates can be degraded by dedicated autophagy, which include mitochondria 

(mitophagy), peroxisomes (pexophagy), microorganism (xenophagy), ribosomes 

(ribophagy), protein aggregates (aggrephagy) [27, 29, 36]. A prominent target 



selection mechanism in autophagy is the recognition of lysine 63 (K63)-linked 

polyUb chains on its substrates by the autophagic receptors, including p62/SQSTM1 

which retain the Ub-associated domain. Because most of autophagic receptors have 

the additional LC3-interacting region, the specific target cargoes can be docked to 

phosphatidylethanolamine (PE)-modified LC3 (LC3-PE or LC3-II) on the 

expanding phagophore membrane, enclosed into the autophagosomes, and 

eventually degraded in autolysosomes (Figure 39). Notably, the enzymatic cascades 

attaching PE lipids at the C-terminal glycine of cleaved LC3/Atg8 protein, an 

ubiquitin-like protein, in autophagy resemble the E1-, E2-, and E3-enzymes-

mediated ubiquitination on the target substrate in the UPS, indicating that the 

functional complementation of these two catabolic systems might be based on 

sharing key molecular regulatory mechanisms. 

The 26S proteasome, the only ATP-dependent protease in the eukaryotes, 

is a ~2.5 MDa holoenzyme complex composed of two structurally and functionally 

distinct protein complexes: catalytic particle (CP, also known as the 20S) and/or 

regulatory particle (RP or 19S). At the most downstream Ub-conjugation system, 

proteasomes mediate the irreversible degradation of target substrates, maintaining 

protein homeostasis (proteostasis) in the cell. In addition, it has been known for 

decades that proteasome activity was connected with cellular autophagic flux: for 

example, inhibition of proteasomes results in compensatory induction of autophagy 

for the recovery of the intracellular proteolysis [39-41]. Conversely, upregulation of 

proteasome activity leaded to delayed autophagic flux mainly due to the defected 

fusion between the autophagosome and lysosome [44]. If proteasomes were 



chronically inhibited, the excess amounts of aberrantly misfolded proteins are 

accumulated near the microtubule-organizing center (MTOC) to grow into a 

cytoplasmic proteinaceous inclusion body, termed the aggresome. The formation of 

aggresome is proposed to represent a cytoprotective mechanism against 

neurodegenerative and aging processes by sequestering toxic aggregates and by 

facilitating their autophagic clearance. While a variety of proteins, including 

proteasome subunits, have been detected within aggresomes, the nature and 

consequence of the proteasome segregated in the aggresome, however, remain 

essentially uncharacterized. 

The biogenesis of functional proteasome holoenzyme is regulated by de 

novo synthesis of proteasome components, which is initiated with activation of 

proteasome gene transcription factors under certain stress conditions such as 

proteasome inhibition, followed by the coordinated assembly between the CP and 

RP assisted by the multiple chaperones [18-23]. Various posttranslational 

modifications (PTMs) on proteasome subunits, including phosphorylation, 

ubiquitination, oxidation, poly(ADP-ribosyl)ation, and glycosylation, have been 

identified, which affect both proteasome assembly and activity, and probably 

proteasome biodegradation as well (Figure 40). As compared with the other aspects 

of proteasome’s life cycle, very little is known about their destruction. Even though 

the proteasome was reported to be stable more than two week [114], more recent 

studies using Arabidopsis, S. cerevisiae, and mammals identified the selective 

degradation of proteasomes by autophagy[38, 115, 116]. However, it appeared that, 



between the clearance processes in yeast/plant and mammals, there are significant 

differences on proteasome targeting mechanism by autophagic receptors. 

 Here I describe that, in mammalian cells, autophagic degradation of 

proteasomes is only selective for their inactive species and is preceded by the 

segregation into insoluble aggresomes via HDAC6-dependent retrograde transport. 

Targeting to the aggresomes was mediated heterogeneous polyUb chains with lysine 

11 (K11) and lysine 48 (K48) linkages on various proteasome subunits. Considering 

the constant load of degradatory proteins and needs for amino acids for de novo 

protein synthesis in the cell, inactive proteasomes are expected to be effectively 

replaced to cope with proteotoxic stress on a global scale, which can be generated 

with aging and other pathologic conditions. My findings indicate that the quality 

control of proteasomes is essentially mediated by aggresomal sequestration and 

subsequent autophagic degradation in mammalian cells. 

  



 

Material and Methods 
 

Antibodies and reagents 

Antibodies source and dilution factors are as follows: anti-��-actin (A1978, Sigma, 

1/10,000); anti-Ub (clone P4D1, Santa Cruz, USA, 1/5,000), anti-�3 (PW8115, Enzo 

Life Science, USA, 1/5,000), anti-�5 (PA1977, Invitrogen, USA, 1/1000), anti-

PSMC2 (sc-166972, Santa Cruz, USA, 1/1000), anti-PSMD1 (sc-514809, Santa 

Cruz, USA, 1/1000), anti-HDAC6 (MA5-25317, Invitrogen, USA, 1/1000), anti-

eEF1A1 (05-235, Millipore, 1/1000), anti-flag (F1804, Sigma, 1/3,000), anti-NBR1 

(sc130380, Santa Cruz, 1/2,000), anti-SQSTM1 (sc28359, Santa Cruz, 1/2,000), 

anti-LC3 (L7543, Sigma, 1/2,000), anti-GFP antibody (Enogene, USA, 1/5,000), 

Sources of major biochemical components are as follows: PS-341 (LC Laboratories, 

USA); epoxomicin (Boston Biochem, USA); ATP (Calbiochem, USA; MG132 

(Bachem); suc-LLVY-AMC (Bachem). DMEM, RPMI, EBSS media, FBS, and PBS 

(pH 7.4) were purchased from WelGENE (Korea). Doxycycline (Dox), and 

Coomassie Brilliant Blue R250 were purchased from Sigma. 

 

Mammalian cell cultures, transfection, and nutrient deprivation 

Mammalian cells used in this study, including HEK293, HEK293-pre1-HTBH, 

HEK293-TREX-htau40, MEF, and HeLa cells were grown in DMEM and A549 cells 

were grown in RPMI. All culture media supplemented with 10% FBS, 100 units/mL 

penicillin/streptomycin and 2 mM L-glutamine. Cells were maintained in a 



humidified atmosphere incubator containing 5 % CO2 at 37 °C. For transient 

overexpression, cells were transfected with 1-2 �g of total plasmid DNA in a 6-well 

culture plate (>95 % confluent or at a density of 106 cells/well) for 36-48 h using 

Lipofectamine 3000 (Invitrogen) as manufacture’s guideline. For amino acid 

starvation, the growth medium was replaced with Earl’s Balanced Salt Solution 

(EBSS) after the two washes with PBS.  

 

Immunofluorescence microscopy 

For immunofluorescence microscopy analysis, cultured cells on microscope cover 

glass were fixed using 4% paraformaldehyde in phosphate-buffered saline (PBS) for 

10 min. Then fixed cells were permeabilized with 0.5% [V/V] Triton X-100 in PBS, 

blocked with 2% BSA in PBS, and incubated with primary antibodies in 2% BSA 

containing PBS for 1h. Next, the cells were incubated with Alexa Fluor 488 or Alexa 

Fluor 594 conjugated secondary antibodies diluted with 2% BSA in PBS for 40 min. 

The cells were then mounted with DAPI contained mounting solution (Abcam). All 

of the fluorescence micrographic images with a same magnification are 

representative of the total cell population. 

 

Analysis of soluble and insoluble fractions 

Cultured cells were washed with ice-cold PBS and lysed with Triton buffer (200 mM 

KCl, 20 mM HEPES pH 7.9, 1 mM MgCl2, 1 mM EDTA, 1% Triton X-100, 10% 

Glycerol) or RIPA buffer (50 mM Tris-HCl, pH 8, 1% NP-40, 0.5% deoxycholate, 

0.1% SDS, and 150 mM NaCl), all supplemented with protease inhibitor cocktail. 



Next, lysates were centrifuged at 16,000g for 30 min at 4°C. The supernatants were 

used as detergent-soluble fraction. The pellets were washed with lysis buffer and 

suspended with lysis buffer supplemented with 1% SDS, then sonicated for 10 s with 

microtip sonicator, heated 100°C for 10 min, and analyzed as detergent-insoluble 

fraction. Equal volume of each insoluble and soluble fractions were boiled for 10 

min in SDS-PAGE sample buffer and analyzed using Western blot. 

 

RNA interference 

The small interfering RNAs (siRNA) including the control scrambled siRNA 

were synthesized by Genolution (Korea). Using G-fectin (Genolution) or RN

AiMAX (invitrogen), siRNA was transfected to the cells following to the ma

nufacturer’s protocol. Cells were plated in 6-well plate about 20-30 % confl

uent for G-fectin or 60-80% confluent for RNAiMAX. The final concentratio

n of 10 nM siRNA were used in transfection. After 48 h post-transfection, 

5 �M MG132 treatment for 12 h and MG132 wash-out proceeded. The foll

owing siRNAs were used in this study: for control (5'-CCUCGUGCCGUUC

CAUCAGGUAGUU-3' for sense, 5'-CUACCUGAUGGAACGGCACGAGGUU

-3' for antisense), for HDAC6 (5'-GAAACAACCCAGUACAUGAUU-3' for s

ense, 5'- UCAUGUACUGGGUUGUUUCUU-3' for antisense), SQSTM1 (5'-G

ACAUCUUCCGAAUCUACAUU-3' for sense, 5'- UGUAGAUUCGGAAGAU

GUCUU-3' for antisense), for NBR1 (5'-GAGAACAAGUGGUUAACGAUU-3

' for sense, 5'- UCGUUAACCACUUGUUCUCUU -3' for antisense), for ATG

5 (5'-GCUAUAUCAGGAUGAGAUAUU-3' for sense, 5'- UAUCUCAUCCUG



AUAUAGCUU-3' for antisense), for ATG7 (5'-GCUACUUCUGCAAUGAUG

UUU-3' for sense, 5'- ACAUCAUUGCAGAAGUAGCUU -3' for antisense), a

nd for Nrf1 (5'-GUCACUAUGGCGCUUAACAUU-3' for sense, 5'- UGUUAA

GCGCCAUAGUGACUU -3' for antisense). 

 

Quantitative RT-PCR 

Total RNA from cultured cells was isolated using TRIzol reagent (Invitrogen), 

proceeded by further purification through on-column DNase I treatment using 

RNeasy mini-columns (Qiagen, USA). cDNA samples were prepared by reverse 

transcription method using Accupower RT-pre mix (Bioneer). Then Real-time PCR 

reactions were performed using the Rotor-Gene RG 3000 system (Corbett Research, 

AU) with diluted cDNA and 10 pmole of target gene specific primers. SYBR qPCR 

master mixture (Kapa Biosystems, USA) was used as the reporter dye. Thermal 

cycling conditions included 95 °C for 3 min to allow for enzyme activation, followed 

by 40 repeated cycles at 95 °C for 10 s, 53 °C for 15 s, and 72 °C for 30 s. The level 

of each mRNA was normalized to GAPDH levels of each cDNA, and the values 

were plotted as mean ± SD of three independent experiments. Target gene specific 

primer sequences used were as follows: 

for PSMB5, forward (5’-ACTACGTGGACAGTGAAGGG-3’) and reverse (5’-

GGCATCTCT GTAGGTGGCTT-3’); for PSMD4, forward (5’-

CTTCGTGTATCTATGGAA-3’) and reverse (5’-TCATACTGCTTA GGTCAGG-

3’); for PSMA7 forward (5’-AAGCAGCGTTATACGCAGAG-3’) and reverse (5’-

CATCAAAGTCGAAACCCACGAT-3’); for PSMA4, forward (5’-



AGAAGTGGAGCAGTTGATCA-3’) and reverse (5’-

TCTCTGATTCTATTTATCCTTTTCT-3’); for USP14, forward (5’-

TGGCTTCAGCGCAGTATATTAC-3’) and reverse (5’-

CCTTGTTCACCTTTCTCGGCA-3’); for RSP27A, forward (5’-

TCTCGACGAAGGCGACTAAT-3’) and reverse (5’-

TCGTGGTGGTGCTAAGAAAA-3’); for UAB52, forward (5’-

AGGAGGGTATCCCACCTGAC-3’) and reverse (5’-

CAGGGTGGACTCTTTCTGGA-3’); for UBC, forward (5’-

CCTGGTGCTCCGTCTTAGAG-3’) and reverse (5’-

TTTCCCAGCAAAGATCAACCT-3’); for UBB, forward (5’-

TGCGTCTGAGAGGTGGTATG-3’) and reverse (5’-

GCCTTCACATTTTCGATGGT-3’); for SQSTM1, forward (5’-

AAGCCGGGTGGGAATGTTG-3’) and reverse (5’-

CCTGAACAGTTATCCGACTCCAT-3’); for LC3, forward (5’-

AACATGAGCGAGTTGGTCAAG-3’) and reverse (5’-

GCTCGTAGATGTCCGCGAT-3’); for ATG5, forward (5’-

GCAAGCCAGACAGGAAAAAG-3’) and reverse (5’-

GACCTTCAGTGGTCCGGTAA-3’); for ATG7, forward (5’- 

ATGATCCCTGTAACTTAGCCCA-3’) and reverse (5’-

CACGGAAGCAAACAACTTCAA C-3’); for GAPDH, forward (5’-

GAGTCAACGGATTTGGTCGT-3’) and reverse (5’-

GACAAGCTTCCCGTTCTCAG-3’).  

 



Purification of the inactive 26S human proteasome 

Human inactive proteasome holoenzymes were purified after the MG132 treatment 

for prolonged time using affinity-purification from a stable HEK293 cell line 

expressing biotin-tagged human �4, as previously described, with slight 

modifications [74]. The cells were cultured in 15-cm culture dishes, harvested using 

lysis buffer (50 mM NaH2PO4 [pH 7.5], 100 mM NaCl, 10 % glycerol, 5 mM MgCl2, 

0.5 % NP-40, 5 mM ATP and 1 mM DTT) containing protease inhibitors, and 

homogenized using a Dounce homogenizer. Then lysates were centrifuged at 16,000 

g for 15 min at 4°C. After centrifugation, the supernatants were incubated with 

bioMag Streptavidin resin (Qiagen, USA, 311711) for 6 h at 4 °C. The beads were 

washed with lysis buffer and TEV buffer (50 mM Tris-HCl [pH7.5] containing 1 mM 

ATP and 10 % glycerol). The 26S proteasomes were eluted from the resin by 

incubating with TEV protease (Invitrogen,) in TEV buffer containing 1 mM ATP for 

1 h at 30 °C. Then eluted proteasomes were concentrated using an Amicon ultra-

centrifugal filters (Millipore,). 

  



 

Results 
 

Inactive proteasomes are accumulated in the aggresome 

In the past, proteasome was thought to be a protein that was stable enough to last a 

few weeks in half [114]. Previous studies in yeast and plants have shown that 

proteasome can be degraded by proteaphagy within 24 h of proteasome inhibition 

and nutrient deprivation conditions, which is shorter than conventional knowledge. 

But, in mammals, proteaphagy in nutrient deprivation conditions has been identified, 

but the fate of the proteasome under inhibition or damaging conditions still remains 

to be elucidated. During my initial studies on proteasome dynamics in mammals, 

autophagic induction (by amino acid or glucose starvation) or autophagy inhibition 

(by Atg5 knockout or bafilomycin A1 [BafA1] treatment) had little effects on 

proteasome abundance (Figure 41), indicating that bulk autophagy may not be the 

principal clearance mechanism of 26S proteasomes distinct with observed in other 

organisms [115, 116, 122]. Therefore, I have aimed to observe the selective 

autophagic degradation of proteasome (proteaphagy), in several cellular stress, but 

the levels of proteasome in the Triton X-100-soluble fraction of whole cell lysates 

were fundamentally unaffected (Figure 42). Instead, I have noticed drastically 

elevated levels of CP and RP subunits, such as PSMA4/�3, PSMB6/�1, 

PSMD1/Rpn2, and PSMC2/Rpt1, in the insoluble fraction of MG132-treated cells, 

mainly in a dose- and time-dependent manner (Figure 42 and Figure 43). In addition, 

the tendency of the inactive proteasome accumulation was consistently observed 

regardless of the employed cell lines, proteasome inhibitors, or detergents in lysis 



buffer (Figure 44). Prolonged proteasome inhibition also induces the amounts and 

oligomeric forms of prominent autophagic receptor SQSTM1/p62 and polyUb 

conjugates in the insoluble fraction (Figure 43 and Figure 44). 

To visualize and localize the accumulated proteasomes in the cell, I have 

immunostained the CP subunit PSMB5/�5 after the similar MG132 treatment (5 �M 

for 12 h). Contrast to the results from yeast and plants where inactive proteasomes 

were deposited into either the vacuole and cytoplasm, respectively, for autophagic 

process under nutrient stress conditions, proteasome-positive signals usually showed 

only one large punctum around the nucleus through strong colocalization with 

SQSTM1 or Ub in MG132-treated cells (Figure 45, Figure 46A and Figure 46B). 

Besides, Label free holotomographic images using refractive indexes between 

cellular organelle, combined with fluorescence immunostaining, revealed a distinct 

juxtanuclear inclusion body of inactive proteasomes that were retained in the 

SQSTM1 signals (Figure 47 and Figure 48). Other proteasome subunits such as non-

ATPase subunit (Rpn) and AAA + ATPase subunit (Rpt) showed the similar 

enlarged juxtanuclear signals (Figure 46C).  

Inhibition of proteasome activity is known to induce aggresome formation 

by inhibiting the degradation of misfolded protein [123-125]. Many studies induce 

the aggresome formation through proteasome inhibitor treatment for a long time [125, 

126]. The previously identified SQSTM1 is also known as the aggresome component 

[127, 128]. I have also identified that inactive proteasome positive aggresome were 

colocalized with cystic fibrosis transmembrane conductance regulator (CFTR)-

�F508 [123, 129] which is known as aggresome component (Figure 49). Although 



the aggresome occupies a considerable volume near the nucleus, this incident did not 

result in cell cycle arrest, mitotic failure or apoptosis (Figure 50A). However, the 

long-term and mild treatment of the proteasome inhibitor led to significant 

transcriptional upregulation of proteasome subunits, Ub genes such as UBB and 

UBC, and autophagy-related SQSTM1 and LC3 genes (Figure 50B) [18, 19]. My 

data collectively indicate that inactive proteasomes are sequestered into the 

aggresome presumably for the efficient clearance, and I propose that this 

sequestration is linked to the compensatory mechanism providing de novo 

synthesized active proteasomes in the cellular proteasome pool. 

 

Inactive proteasomes are transported to the aggresome through HDAC6-

mediated retrograde transportation 

To gain the insight into the transportation of proteasomes to the aggresome, I have 

cotreate the microtubule-disrupting drug nocodazole [130] to the cells with 

proteasome inhibitors, which resulted in speckled small puncta of proteasomes 

throughout the cytoplasm, instead of consistently observed large juxtanuclear 

inclusions of the inactive proteasome (Figure 51). Moreover, inactive proteasomes 

were more accumulated in the insoluble fraction cotreated with nocodazole (Figure 

52), suggesting that the segregation process by microtubule-mediated retrograde 

transport to the aggresome may provide a cellular checkpoint in the triage decision 

for inactive proteasomes to be cleared (e.g., under chronic inhibition conditions). 

Considering that proteasomes are deposited into the perinuclear region 

along with many misfolded proteins, histone deacetylase 6 (HDAC6), an adaptor 



protein between polyUb and the dynein motor complex, was examined whether to 

play an active role in the translocation of proteasomes into aggresomes [129, 131]. 

First, I have found a significant amount of endogenous HDAC6 proteins are bound 

to affinity-purified mammalian proteasomes only when the cells were treated with 

proteasome inhibitors (Figure 53). Consistent with their direct interaction with 

inactive proteasomes, HDAC6 was observed to strongly colocalize with aggresome-

sequestered proteasomes (Figure 54). Knocking down HDAC6 through small 

interfering RNA (siRNA), along with proteasome inhibition, resulted in further 

accumulation of proteasomes in the insoluble fraction, compared with control siRNA, 

and completely prevent the formation of proteasome-positive large aggresomes 

(Figure 55). Thus, my findings suggested that inactive proteasomes are sequestered 

into the insoluble aggresomes through direct interaction with HDAC6 and retrograde 

transport. 

 

Autophagic degradation of structurally remodeled proteasomes in the 

aggresome 

To determine the fates of proteasomes sequestrated in the aggresome, MG132-

treated cells were replenished with the inhibitor-free (normal) media. In this wash-

out experiment, the levels of both CP and RP subunits accumulated in the insoluble 

fraction were gradually reduced (Figure 56). The aggresomal structure disappeared 

from the outside and completely receded at ~ 12 h post-MG132 wash-out (Figure 

57). Decreasing amounts of insoluble proteasomes and receding from the aggresomal 

structure may represent either their recovery to the functional proteasome into the 

cytoplasm or the degradation via autophagy, probably mediated by autophagic 



receptor SQSTM1 (Figure 45 and Figure 47). I have found that inhibition of cellular 

autophagic flux by adding bafilomycin A1 or chloroquine led to a dramatic delay in 

the proteasome subunits in the insoluble fraction even under the wash-out condition 

(Figure 56). Consistent with the immunoblotting analysis, as a sharp contrast with 

normal media, washing-out with the media containing the autophagy inhibitors 

showed little change of accumulated proteasomes in the aggresome with increased 

number of cytoplasmic small puncta (Figure 57 and Figure 58). Given that most of 

the proteasome-positive puncta were colocalized with elevated SQSTM1 puncta 

(Figure 57 and Figure 58), the cellular autophagic machinery appears to be involved 

in the post-aggresomal process of inactive proteasomes. 

 Consistent with the results from chemical inhibition, knocking down the 

autophagic receptor SQSTM1 using siRNA led to significant delay in proteasome 

clearance out of the insoluble fraction after wash-out, almost as potent as 

bafilomycin A1 treatment (Figure 59). I have also found that, while suppressing early 

stage of autophagy via ATG5 and ATG7 knockdown also caused in a defected 

proteasome clearance in the wash-out media, knocking down another autophagic 

receptor NBR1 had only minor effects on the proteasome amount in the insoluble 

portion (Figure 59). Then, I have upregulated cellular autophagy via amino acid 

deprivation while washing out MG132. As shown in Figure 60, significantly reduced 

levels of proteasome components as well as SQSTM1 and LC3-II were observed in 

the insoluble fraction compared with the normal washout media, consistent with the 

proposed role of autophagy on proteasome clearance. As mentioned, this proteostatic 

mechanism is also consistent with that de novo proteasome synthesis and assembly 

machineries effectively provide functional proteasomes to the cell under the 



proteasome inhibition conditions (Figure 50B).  

 To examine the cellular consequences of inactive proteasomes targeting to 

the aggresome, I have performed the polysome fractionation assay. Cells treated with 

a low concentration of MG132 showed the abnormal polysome profile, indicating 

that overall translatability of the cell was inhibited at the initial phase of translation, 

as the similar degree observed in the glucose-starved cell (Figure 61). From 

immunoblotting analysis using the fractionized samples, it was robustly observed 

that the significant portion of the CP and RP subunits were shifted from the free form 

to the 26S species (Figure 62) in the presence of MG132. This tendency was not 

observed from the cells cultured under the glucose-free or other stress conditions 

(data not shown). The stronger binding between the 19S and 20S proteasome 

subcomplex by MG132 was also noticed by size-exclusion chromatography using 

whole cell lysates (Figure 63). Consistent with these data indicating the structural 

remodeling of inactive proteasomes including stronger CP-RP association, more 

endogenous ECM29 were found to migrate from the fractions covering the 20S to 

the 26S proteasomes [132] after MG132 treatment (Figure 63 and Figure 70). 

 

Identification and label-free quantification of proteasome-interacting 

proteins in the presence of MG132 

To understand the compositional and the interactome changes of proteasomes with 

a long-term MG132 treatment, I have utilized label-free quantitative mass 

spectrometry (MS) based on the intensity-based absolute quantification (iBAQ) 

algorithm [133]. Label-free quantification is an alternative to the approach using 

stable isotopes as a means of quantifying relative proteins based on iBAQ algorithm. 



Proteasomes (and their associated proteins) were affinity-purified from three 

independent cultures and were subjected to iBAQ analysis (Figure 64). This method 

showed significant reproducibility evaluated by the intra-group components and 

gene-ontology clustering (see below), without requiring pre- or post-treatment of 

samples such as isotope labeling. Based on the criteria of 1.5-fold change with p < 

0.05, total 118 differentially associated proteins (DAPs) were significantly changed 

after 6 h (81 proteins) and 12 h (87 proteins) post-MG132-treatments (Figure 65). 

Most of responding proteins were previously-identified proteasome-associated 

proteins [53, 134] and appeared to be more accumulated with the proteasome after 

MG132 treatment (93.8 % for 6 h and 94.3 % for 12h; Figure 66), raising the 

possibility that dynamic proteasome remodeling under inhibitory conditions may be 

initiated by the proteasome-associated proteins.  

I have found that, among the 49 shared proteins in both conditions, DAPs 

with > 10-fold changes include E3 Ub ligases (including UBR5, BIRC6, RNF181, 

and UBR4), proteasome activators and adaptors (ECM29, FAM192A, PSME1, and 

PSME2; Figure 68B), and Ub-like proteins (BAG6, UBL4A, and UBQLN2; Figure 

67A). In addition, the proteasome purified through the biotin-tagged CP subunit (�4) 

showed elevated levels of the most RP subunits, along with many proteasome 

assembly chaperones, adaptors, and RP-associated DUB enzymes, consistent with 

the previous reports [132, 134] (Figure 67A and Figure 67B). Notably, the two fold-

induction of RP subunits bound to MG132-treated proteasomes indicates the 

stoichiometric interaction between the CP and RP subunits (Figure 67B). Multiple 

E3 Ub ligases were identified to be more accumulated with the proteasome treated 



with MG132 for 6 h (Figure 68A). Many of these DAPs identified from my 

quantitative MS were validated by the immunoblotting analysis using the same 

experimental conditions (Figure 69). For examples, the ECM29 levels on the 

proteasome were drastically upregulated after MG132 treatment along with the 

increased ratio of RP to CP subunits (Figure 70). Taken together, my MS data and 

biochemical validation suggest that inactive proteasomes undergo the significant 

structural remodeling through a diverse change of a number of interacting proteins, 

which include ECM29 and multiple E3 Ub ligases. To confirm the ubiquitination 

site expected to be altered by increased E3 ubiquitin ligase, the spectrum obtained 

from the previous mass analysis was reanalyzed. The ubiquitination site can be 

identified and quantitatively analyzed through K-ε-GG fragment [135] generated 

after trypsin digestion for mass analysis. As a result, proteasome subunits which 

were found to induce ubiquitination were PSMA1, PSMA5, PSMA6, PSMB5, 

PSMB7, PSMC2 and PSMD1 (Figure 71). Proteasome subunits with quantitatively 

increasing ubiquitination at the proteasome inhibitor conditions were PSMD1 and 

PSMC2, whereas the other subunits did not show any significant difference 

compared to normal conditions. In addition, ubiquitin linkage has also changed. In 

the proteasome inhibitor condition, K11 and K48 mediated ubiquitination was 

increased about 2.5 times as compared with the normal condition (Figure 68C). This 

indicates that the poly ubiquitin chain is significantly increased under the proteasome 

inhibitor treatment conditions and has linkage selectivity mainly mediated by K11 

and K48 residue. These results indicate that my mass spectrometry data reflect well 

the interacting proteins that change under proteasome inhibition conditions. 

  



 

 

 

Figure 39. A schematic diagram of autophagy-lysosome pathway.  

The autophagic process through activation of MAPK and inhibition of mTOR induce 

the activation of ULK complex. Activated ULK complex also induce the 

phosphorylation of Beclin1 leading to VSP34 activation and phagophore formation 

[136]. Phosphatidylethanolamine modification at the C-terminus of the LC3 were 

induced by ubiquitination analogous conjugation cascade consist of ATG7 (E1-like), 

ATG10 (E2-like), and ATG12-ATG5-ATG6 complex (E3-like). Elongating 

phagophore is enclosed, the double-membrane enclosed vesicle containing LC3-II 

and autophagy receptors is termed an autophagosome. Autophagosome can be fused 

with the lysosome and those contained in autophagosome are degraded by lysosomal 

hydrolysis. 

  



 

 



 

Figure 40. Proteasome dynamics implicated in health and disease. 

In traditional view, proteasome believed as a passive and simple degradation 

machine. Since the proteasome plays a key role in UPS, quantitative and activity 

regulation of proteasome is done in variety of ways. In the proteasome inhibition 

condition, the cell tries to upregulate the transcription of proteasome related genes 

to induce biogenesis and assembly of proteasome complex. And during sever cellular 

stress, proteasomes activity can be regulated by PTMs (post-translational 

modifications) or multiple layers of regulatory mechanisms of proteasome through 

several proteasome interacting proteins. But execute turnover mechanisms of 

proteasomes were still remaining to be elucidated. 

  



 

 

 

Figure 41. Proteasome amount in autophagic induction or inhibition condition. 

MEF Atg5 wild-type (+/+) or Knock-out (-/-) cells were treated for the 12h or 24h 

with normal, autophagy induction by nutrient deprivation (amino acid or glucose 

free media) or inhibition by autophagy inhibitor (bafilomycin A1) conditions. 

Proteins were analyzed by immunoblotting using proteasome subunit antibody 

(PSMA4), LC3, and �-actin as a control. 

 

 

  



 

 

 

Figure 42. Proteasome accumulation in the insoluble fraction by proteasome 

inhibitor treatment. 

A549 cells were separated by detergent-soluble and insoluble fraction. Proteasome 

accumulation in insoluble fraction following treatment with 1 �M and 5 �M of 

MG132 for 12 h. Accumulation of proteasome was analyzed by immunoblotting 

using proteasome subunit antibody (PSMA4, PSMD1, and PSMC2), and �-actin as 

a control. 

 

  



 

 
 

Figure 43. Proteasome accumulation in the insoluble fraction by proteasome 

inhibitor time-course treatment. 

Proteasomes accumulation tendency showed time-course dependent manner in the 

presence of MG132 5 �M. After the MG132 treatment for indicated time point, 

detergent-soluble and insoluble fractions were separated. Accumulated proteins level 

in the insoluble fraction were analyzed by immunoblotting using proteasome 

subunits (PSMB6, PSMA4), SQSTM1, Ub, and �-actin antibodies. 



 

 

Figure 44. The tendency of the proteasome accumulation in the insoluble 

fraction using various type of cells, inhibitors, and lysis buffer contained 

detergents. 

(A) Proteasome accumulation in the detergent insoluble fraction were analyzed using 

HEK 293 and MEF cell lines. Both HEK 293 and MEF showed similar tendency. (B) 

Other kinds of proteasome inhibitors, such as PS-341 and epoxomicin, were used to 

induce the accumulation of proteasomes in the insoluble fraction. (C) Compare the 

type of lysis buffer contained detergent. 1% NP-40 and 1% Triton X-100 were used 

to separate detergent-soluble and detergent-insoluble fraction. Both showed same 

results. 



 

 

 

Figure 45. Proteasomes accumulation in one or two large puncta around the 

nucleus. 

Fluorescence microscopy images of immunostaining with anti-SQSTM1 (green) and 

anti-PSMB5 (red) using A549 cells after 12 h treatment with DMSO and 5�M 

MG132. Proteasomes and SQSTM1 were found to co-localize in large puncta around 

the nucleus. (Scale bars: 10 �m) 



 



 

Figure 46. Visualization and localization of the accumulated proteasome in the 

cell.  

Similar with Figure 45, Proteasome positive signals showed only one large punctum 

around the nucleus. (A) Low magnification fluorescence microscopy images of 

immunostaining with anti-SQSTM1 (red) using A549 cells after 12 h treatment with 

5 �M MG132 and wash-out with normal media. (B) Proteasome-positive puncta 

were found to colocalize with PSMB5 (green) and SQSTM1 (red) in MG132-treated 

cells. (C) The RP subunits from the AAA-type ATPase (PSMC5) and non-ATPases 

(PSMD5, and PSMD2) also showed the similar enlarged juxtanuclear signals with 

CP subunit (PSMB5). 



 

 

 

Figure 47. Label-free holotomographic images using refractive indexes. 

Similar with Figure 44, except label-free holotomographic images using refractive 

indexes between cellular organelle, combined with fluorescence immunostaining 

with SQSTM1 (green.) A distinct juxtanuclear inclusion body from refractive index 

was colocalized with SQSTM1. 

 



 

 



 

Figure 48. Three-dimensional imaging analysis of proteasome accumulation in 

large puncta near the nucleus. 

Similar with Figure 45, except three-dimensional imaging analysis using Tomocube 

HT-microscope. SQSTM1 (red) and PSMB5 (green) were found to co-localize in 

large cytoplasmic body. These cytoplasmic body was located very close to outer 

surface of nuclear membrane known as perinuclear region. 

  



  

 

 

Figure 49. CFTR-��F508 was co-localized well with inactive proteasome positive 

cytoplasmic puncta. 

Immunofluorescence analysis was conducted using Hela cells. Proteasome positive 

juxtanuclear inclusion body (PSMB5, red) after the prolonged MG132 treatment was 

co-localized well with the CFTR �F508-GFP. 

  



 

 

 

Figure 50. FACS and qRT-PCR analysis after the long-term and mild treatment 

of the proteasome inhibitor. 

(A) Fluorescence-activated cell sorting (FACS) analysis after long-term and mild 

treatment of the proteasome inhibitor and nutrient deprivation condition. This 

incident did not result in cell cycle arrest, mitotic failure or apoptosis. (B) mRNA 

was isolated from cultured HeLa cells after the treatment of MG132 1 �M, 5 �M for 

12 h. Real-time PCR reactions were then performed. The GAPDH mRNA levels 

were used to normalize the other mRNA levels. The statistical significance was 

identified from the means ± SD from three independent experiments (n=3). 

 



 

 

 

Figure 51. Inhibition of aggresome formation by nocodazole co-treatment with 

MG132. 

Immunostaining of anti-�5 (green) and anti-SQSTM1 (red) in A549 cells treated 

with MG132 5 �M or co-treated with nocodazole 1 �M for 12 h. (Scale bars: 10 �m) 

Nocodazole treatment lead to the spread of several inactive proteasome positive 

small puncta in the cells. 



 

 

 

Figure 52. Inhibition of aggresome formation by nocodazole treatment and 

isolate the detergent-soluble and insoluble fraction. 

Same as Figure 51, except cells were isolated into the detergent-soluble and 

insoluble fraction and analyzed by immunoblotting. Failure of aggresome formation 

increased the amount of inactive proteasome accumulated in the insoluble fraction. 

  



 

 

 

Figure 53. Inactive proteasome interacts with HDAC6 by MG132 treatment. 

Purified proteasomes in the presence of MG132 for 6 h and 12 h showed increased 

interaction with HDAC6 and SQSTM1. And polyUb chains were increased in the 

purified inactive proteasome. Also, HDAC6 and proteasomes were accumulated in 

the insoluble fraction of the cells used for purified proteasome. Accumulation in the 

insoluble fraction and interaction with purified proteasome were confirmed by 

immunoblotting using ubiquitin, HDAC6, PSMA4, and SQSTM1 antibodies. 

 

  



 

 

 

Figure 54. HDAC6 and eEF1A1 accumulates in the aggresome and co-

localization with proteasome in MG132 treatment condition. 

Immunofluorescence analysis after the HDAC6-flag transient overexpression 

proceeded with MG132 5 �M treatment for 12 h in A549 cells. Transiently 

overexpressed cells were immunostained with anti-flag (red) and anti-PSMB5 

(green). (Scale bars: 10 �m) 

 

  



 

 

 

Figure 55. The role of HDAC6 protein in the accumulation of the inactive 

proteasome into the aggresome. 

(A) A549 cells were subjected to MG132 5 �M 12 h after transfection of sicontrol 

and siHDAC6 48 h. Then isolation of soluble and insoluble fraction, IB analysis was 

performed using various antibodies against CP and RP subunits, HDAC6, and �-

actin. (B) Same as A, except after the siRNA and MG132 treatment, A549 cells were 

immunostained with anti-PSMB5 (green). (Scale bars: 10 �m) 



 

 

 

Figure 56. MG132 wash-out with inhibitor-free normal media and autophagy 

inhibitor contained media at the indicated time points. 

A549 cells were treated with MG132 5 �M for 12 h to induce aggresome formation 

followed by MG132-free media (normal) for indicated time point. To inhibit the 

autophagy, bafilomycin A1 (100 nM) or chloroquine (25 �M) were treated during 

MG132 wash-out. Immunoblotting analysis of CP (PSMA4), ATPase subunit 

(PSMC2), non-ATPase subunit (PSMD1), SQSTM1, and �-actin conducted after the 

isolation of detergent-insoluble fraction. 

  



 

 

 

Figure 57. Immunofluorescence analysis after the MG132 wash-out with 

normal, autophagy inhibitor contained media at multi-time points. 

Same as Figure 56, MG132 wash-out for multi-points with normal, autophagy 

inhibitor contained media. Cell fixation and immunostaining were performed at 

various time points to confirm the change of aggresome according to MG132 wash-

out progression. A549 cells were stained with anti-PSMB5 (red) and anti-SQSTM1 

(green). (Scale bars: 10 �m)  

 

  



 

 

 

Figure 58. Immunofluorescence analysis after the MG132 wash-out with 

normal, autophagy inhibitor contained media. 

Same as Figure 56, except after MG132 wash-out for 12 h with normal, autophagy 

inhibitor contained media, A549 cells were stained with anti-PSMB5 (red) and anti-

SQSTM1 (green). (Scale bars: 10 �m)  

 

  



 

 

Figure 59. Immunoblotting analysis after the siRNA transfection and MG132 

wash-out for 12 h. 

A549 cells were transfected with sicontrol, siSQSTM1, siNBR1, and combination 

of siATG5 and siATG7 for 48 h. Then cells were treated with MG132 5 �M for 12 h 

and followed by MG132 wash-out for 12 h. Then detergent-insoluble fractions were 

analyzed by immunoblotting using PSMC2 and PSMA4 antibodies. 

  



 

 

 

Figure 60. MG132 wash-out under autophagy stimulation condition. 

A549 cells were treated with normal media and amino-acid deprived (-A.A) media 

for 12 h during MG132 wash-out. Various proteins level such as PSMD1, PSMC2, 

PSMA4, PSMB6, SQSTM1, LC3, and �-actin levels in the detergent-soluble and 

insoluble fraction were analyzed by immunoblotting. 

  



 

 

 

Figure 61. Analysis of translatability of the cell through polysome fraction assay. 

HeLa cells were treated with normal media and glucose deprived (Glc-free) media, 

and low concentration of MG132. Then performed the sucrose gradient analysis for 

polysomal fractionation. The polysomes and monosomes levels were used to 

calculate the translatability of the cell. The statistical significance was identified 

from the means ± SD from three independent experiments (n=3). 

 

  



 

 

  



 

Figure 62. Immunoblotting analysis of polysome fraction by sucrose gradient 

analysis. 

Same as Figure 61, except immunoblotting analysis were conducted. From 

immunoblotting analysis using the fractionized samples using various proteasome 

subunits antibody such as PSMD1, PSMC2, and PSMA4, it was robustly observed 

that significant portion of the CP and RP subunits shifted from the free form to the 

26S species. 

  



 

 

 

Figure 63. Size-exclusion chromatography using whole cell lysates and 

immunoblotting. 

A549 cells were treated with normal media and low concentration of MG132 for 6 

h and 12 h. Several proteins level such as ECM29, PSMD1, and PSMA4 were 

analyzed by immunoblotting. Same as Figure 62, the stronger binding between the 

19S and 20S proteasome complex by MG132 was also noticed by size-exclusion 

chromatography.  

 



 

 

Figure 64. Overview of the label-free quantification MS analysis approach used 

to identify the inactive proteasome interacting proteins. 

Identification and validation of inactive proteasome interacting proteins using label- 

free quantification MS analysis. Through three independent experiments, the 

proteasomes in the normal, MG132 6 h, and MG132 12 h treatments were purified 

and subjected to label-free quantification.      



 

 

 

Figure 65. Venn diagram summary of differently associated proteins in purified 

inactive proteasomes by label-free quantification. 

A total of 2163 proteins were identified by MS analysis. Among these, total of 128 

proteins were statistically changed when 6 h and 12 h of proteasome inhibitors. 

 

  



 

 

 

Figure 66. Volcano plot of the quantified proteins from label-free quantification. 

(A) Log2 (MG132 6 h / Normal) and (B) Log2 (MG132 12 h / Normal). A threshold 

using a P value cutoff (P = 0.05) is shown in a black line. Log2 ratios of purified 

proteasomes under MG132 treated / purified proteasomes under normal condition 

are shown with gray (< 2 x change), green (>2 x increased in purified proteasomes 

under proteasome inhibition condition), red (> 2 x decreased in purified proteasome 

under proteasome inhibition condition). 

  



 

 

 

  



  

Figure 67. Categorizing the changed interacting proteins in the inactive 

proteasomes. 

(A) Among the 49 shared proteins in both conditions, DAPs with > 10-fold changes 

include E3 Ub ligases (including UBR5, BIRC6, RNF181, and UBR4), proteasome 

adaptor (ECM29, PSME1, and PSME2), and Ub-like proteins (BAG6, UBL4A, and 

UBQLN2). (B) Elevated levels of the most RP subunits, along with many 

proteasome assembly chaperones, adaptors, and RP-associated DUB enzymes. Two 

fold-induction of RP subunits bound to MG132-treated proteasomes. 

  



 



 

Figure 68. Proteasome interacting proteins, whose changes are most significant 

in inactive proteasome. 

Mass spectrometry showed a variety of proteins whose interaction with proteasome 

was altered under proteasome inhibitor conditions. (A) Many of E3 ligase 

interactions such as BIRC6, RNF126, RNF138, RNF181, UBE3A, UBR4, and 

UBR5 associated with ubiquitination have been identified. (B) Proteasomes 

assembly chaperones and adaptors were also increased in inactive proteasomes. (C) 

In addition, ubiquitin linkage has also changed. In the proteasome inhibitor condition, 

K11 and K48 mediated ubiquitination was increased about 2.5 times as compared 

with the normal condition. From this, polyubiquitin chain is significantly increased 

under the proteasome inhibitor treatment conditions and has linkage selectivity 

mainly mediated by K11 and K48 residues. 

 

  



 

 

Figure 69. Validation of DAPs using immunoblotting. 

DAPs were validated by immunoblotting analysis using specific antibodies. All the 

proteins changed in the Mass spectrometry analysis were significantly increased in 

the inactive proteasome. 

 

 



 



 

Figure 70. Native-PAGE with in-gel activity assay and immunoblotting. 

(A) Native-PAGE and In-gel activity assay via suc-LLVY-AMC incubation after the 

Native-PAGE. (B) Elevated levels of the most RP subunits were also validated by 

Native-PAGE and immunoblotting analysis. (C) Along with many proteasome 

adaptors, HDAC6 and ECM29 were identified by immunoblotting in RP-CP or RP2-

CP. 



 



 

Figure 71. Identification of ubiquitination site on proteasome subunits and 

quantification by mass analysis. 

Proteasome subunits which were found to induce ubiquitination were PSMA1, 

PSMA5, PSMA6, PSMA7, PSMB5, PSMB7, PSMC2 and PSMD1. Proteasome 

subunits with quantitatively increasing ubiquitination in the proteasome inhibitor 

conditions were PSMD1 and PSMC2, whereas the other subunits did not show any 

significant difference compared to normal conditions. 

  



 

 



 

Figure 72. Schematic diagram of the inactive proteasome accumulation in 

aggresome and degradation via aggrephagy. 

Inactive proteasome ca be sequestrated into the aggresome by HDAC6 mediate 

retrograde transport Inactivated or damaged proteasomes can be directly 

ubiquitinated by E3 ubiquitin ligase. Moreover, it can be degraded by lysosome via 

autophagic pathway. SQSTM1 is involved in the degradation of accumulated 

inactive proteasome among several autophagy receptors. 

  



 

Discussion 
 

Here I report the accumulation of inactive proteasome in the aggresome and 

proteaphagy, which is proteasome degradation through autophagy-lysosome 

pathway. The proteasome, which was considered to be fairly stable and had a long 

half-life, accumulated in the insoluble fraction when inactive proteasomes were 

induced through selective inhibitors. The inactive proteasome observed in the 

fluorescence image formed one or two cytoplasmic bodies around the nucleus and 

was found to be located with several aggresome components. The mechanism of 

inactive proteasome accumulation in the aggresome was confirmed by dynein-

mediated retrograde transport and it was confirmed that HDAC6 mediates between 

inactive proteasome and dynein. In addition, the inactive proteasome accumulated 

in aggresome could be degraded by autophagy, which was verified by chemical 

inhibitors and genetic approaches. I also found that SQSTM1 is involved in the 

degradation of accumulated inactive proteasome among several autophagy receptors. 

Although the proteasome inhibited activity was accumulated in the aggresome and 

degraded by autophagy, the soluble fraction showed a similar amount of proteasome. 

This seems to be due to the biogenesis of a new proteasome during degradation. This 

suggests that the synthesis of new proteasomes during the process of accumulation 

and degradation of inactive proteasomes may be quantitatively balanced. In the 

preceding plant and yeast studies, it was confirmed that degradation of proteasome 

by autophagy was induced by inhibition of proteasome activity or nutrient 

deprivation conditions. In mammalian cells, autophagy mediated degradation of 



proteasome induced by nutritional deficiency was confirmed. Taken together, I could 

confirm that the quality control mechanism of the proteasome itself, which 

quantitatively balances the degradation of the inactive proteasome and expression of 

new active proteasome, is an evolutionarily well preserved mechanism. I have also 

identified proteins with changed interaction with proteasome in the inhibition of 

proteasome activity. Most of the proteins that changed significantly compared to the 

control group had increased interaction. Many of these proteins were E3 ligases 

associated with the ubiquitination process. By direct ubiquitination of the inactive 

proteasome, the cells seem to be able to selectively recognize the inactive 

proteasome. Inactive proteasomes are directly ubiquitinated and recognized by 

HDAC6 and retrograde transported via dynein motor protein along microtubule to 

form aggresome near juxtanuclear region. And the inactive proteasomes 

accumulated in aggresome can be degraded through autophagy (Figure 72). This 

study suggests that the approach of autophagy mediated therapy is meaningful not 

only for the removal of aggregates but also for proteasome quality control which 

maintains the overall activity of intracellular proteasome through the sufficient 

degradation of inactive proteasome and synthesis of new active proteasome. 

  



 

 

 

CHAPTER 4 

 
Overall Discussion and Conclusion

 

 
 

  



 

Overall Discussion and Conclusion 
 

Here I report one of the regulatory mechanism of proteasome activity through CP 

gate and proteasome’s own quality control mediated by the autophagic degradation 

(Figure 73).  

In the second chapter of the thesis, I targeted the N-terminus tail of the �3 

subunit to characterize the gate-opening mechanism in mammalian proteasomes. Of 

the seven α tails, α3 tail projects most deeply into the center of the translocation 

channel, and at the same time contact and potentially stabilizes the N-terminal tails 

of many other α-subunits. This part is composed of nine amino-acids. Hence, I 

established a dominant negative cell line that stably overexpresses the �3�N subunits 

with deletion of 9 amino acids at the N-terminus, and used it to verify the effects on 

proteasomes activity and degradation. Purified �3�N proteasome showed 

significantly increased activity than the wild-type proteasome, thus, confirming that 

it is a critical rate-limiting step that can regulate the proteasome activity with the 

conformational change of 19S RP. Enhanced proteasome activity by �3�N promoted 

degradation of the transiently overexpressed model substrates in the cell. In particular, 

the degradation of representative pathological proteins such as tau and �-synuclein 

was promoted, and even the formation of oligomers was inhibited. Furthermore, 

because of the efficient regulation of oxidized proteins, �3�N cells expressing 

hyperactive proteasomes were more resistant to reactive oxygen species than the 

wild-type cells. 



�3�N proteasomes possess enhanced activity through gate-opening. 

However, the pore size is not large enough for folded proteins to pass directly through 

the �3�N CP. Furthermore, the �3�N 26S proteasome which conjugated with 19S 

RP, is less likely to induce non-substrate or excessive degradation because 26S 

proteasomes undergo a more controlled process such as ubiquitin chain recognition, 

substrate unfolding, and translocation to degrade the polyubiquitinated target 

substrates. A global profile of protein changes through TMT-MS revealed that ~ 200 

proteins were decreased in the cell due to the activity of �3�N hyperactive 

proteasome. The altered proteins were ~ 55% identical with previous ubiquitome 

results. Thousands of proteins, amounting to almost, 70-80% of total proteins in the 

cell, are degraded by UPS, however, the increase in the proteasome activity by gate-

opening only affected the level of ~200 proteins. Thus, �3�N hyperactive 

proteasomes do not seem to indiscriminately degrade the endogenous proteins. 

However, if misfolded-proteins or pathologic proteins are increased, degradation by 

�3�N hyperactive proteasomes could be promoted sufficiently.  

Regulation of the proteasome activity through the gate-opening mechanism 

could be a new therapeutic target in the early stages of proteopathies. There have 

been several reports of the inhibition of the proteasome activity in the brain of the 

patients with neurodegenerative disease, particularly those responsible for memory 

and cognition. Considering this, enhancement of proteasome activity at early stage 

and efficient degradation of the pathological proteins will slow down the progress of 

proteopathy through inhibition of the aggregation and accumulation. Also, regulation 

the proteasome activity through control of the gate mechanism could help in 



preventing and inhibiting the progression of the diseases associated with aging. 

Currently I have completed the generation of �3�N transgenic mouse and 

the process of identifying phenotypes of mice with hyperactive proteasomes is 

underway. Once the phenotype has been identified, I will identify the enhanced 

degradation of the pathological proteins mediated by hyperactive proteasomes and 

its effects on the disease progression through cross-breeding with various disease 

mouse models.  

In the third chapter of the thesis, it has been found that the inactive proteasome 

accumulates in the perinuclear aggresome through retrograde transport mediated by 

the HDAC6-dynein complex; this reveals the mechanism of proteasome quality 

control by maintaining, both, the quantitative and active homeostasis of intracellular 

proteasomes through autophagy mediated degradation and de novo synthesis of 

active proteasomes. In the case of representative experiments conducted to identify 

inactive proteasome degradation via autophagy, MG132, a reversible inhibitor, was 

used. When epoxomicin, an irreversible inhibitor, and other proteasome inhibitors 

were used, the same results were confirmed. Another possibility was to express the 

inactive proteasome through a genetic modification of the proteasome catalytic sites, 

however, this could not proceed as it posed a serious problem in mature 20S CP 

formation process. 

Mass spectrometry using purified proteasomes showed that the inactive 

proteasomes had altered interaction with various proteins (chaperones, Ub shuttle 

proteins, Ub-like proteins, proteasome activators, proteasome adapters, etc.). This is 

consistent with previous studies. It has also been shown that inactive proteasomes 



can interact with significant levels of E3 ligase. In addition, certain lysine-residues 

of the ubiquitinated proteasome subunits have been identified. Direct ubiquitination 

of these subunits will allow the proteasome to interact directly with HDAC6, which 

can recognize the polyubiquitin chain. For this reason, direct ubiquitination of the 

inactive proteasome subunit is the starting point of proteasome quality control. Cells 

can distinguish between active and inactive proteasomes through direct proteasome 

ubiquitination. Changes in the interaction with inactive proteasome-selective proteins 

can lead to the accumulation of the aggresome, resulting in autophagy-mediated 

degradation. Through this, I would like to establish the quality control of mammalian 

proteasomes by presenting a mechanism by which cells selectively degrade the 

inactive proteasomes through autophagy. 

When the cells were treated with nocodazole and proteasome inhibitors 

together, it was confirmed that small speckles were formed in the cytoplasm without 

the formation of aggresome due to the inhibition of the retrograde transport. If each 

speckle can be degraded via macroautophagy, all the small speckles would disappear 

when the wash-out is done with normal media or under autophagy-activating 

conditions (nutrient deprivation condition or autophagy inducer). However, my 

results showed that when wash-out was performed after dispersed puncta formation 

upon nocodazole and MG132 co-treatment, it was not degraded. It, in fact, 

accumulated in the aggresome in the perinuclear region. This speckle, which is 

almost well co-localized with the autophagy receptor SQSTM1, is suitable for the 

degradation by the macroautophagy. However, it was not immediately degraded by 

macroautophagy, and instead accumulated in the aggresome. Hence, now I am trying 

to understand why the inactive proteasome must accumulate in the aggresome to be 



degraded.  

Aggresome is strongly associated with a wide variety of inclusion bodies 

formed by overexpression, accumulation, and aggregation of proteins. In addition, in 

neurodegenerative diseases, the co-localization of the inclusion bodies of 

pathological proteins with ubiquitin and proteasome, has been reported in many 

studies. Considering a number of reports of proteasome inhibition in proteopathy, we 

could assume that the mechanism of proteasome quality control is closely related to 

the formation of the inclusion body. The purpose of this study was to investigate the 

mechanism of proteasome quality control by maintaining, both, the quantitative and 

active homeostasis of intracellular proteasomes. These observations will help us to 

establish a pathological causality relationship between various diseases and 

proteasome activity and could be further developed into tailored treatment strategies 

depending on the condition and progression of the disease.  



 

 

Figure 73. Regulatory mechanism of proteasome activity through gate-opening 

and proteasome’s own quality control mediated by the autophagic degradation. 
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