
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


의학석사 학위논문

A Distinct Pathogenic Mechanism of Tau 

Aggregation Involving 

Hyperubiquitination

과활성화된 유비퀴틴화와 관련된 타우 응집의

독특한 병태 기전 규명

2020 년 1 월

서울대학교 대학원

의과학과 의과학 전공

김 지 현



i

Abstract

A Distinct Pathogenic Mechanism of Tau 

Aggregation Involving 

Hyperubiquitination

Ji Hyeon Kim

Major in Biomedical Sciences

Department of Biomedical Sciences

Seoul National University College of Medicine

Tau proteins are natively unfolded and highly basic proteins, contributing to 

stabilization of axonal microtubule networks in the brain. Under pathological 

conditions, tau undergoes conformational changes to form insoluble aggregates, 

which is the proteinaceous signature of a nosological entity termed “tauopathies”. 

Several post-translational modifications (PTMs) have been identified as key 

drivers in tau fibrillation. However, the crosstalk between the PTMs and their 

consequences on tau degradation and aggregation remains to be elucidated. 

Here, I report that phosphorylation of tau induce its hyper-ubiquitination 

as well as tau aggregation. Purified proteins were used to optimize in vitro PTM 
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assays such as phosphorylation, acetylation and ubiquitination. All PTMs were 

confirmed by antibodies and the effects of PTM on degradation were also checked 

using purified 20S proteasome. Only acetylation slightly delayed tau degradation. 

To dissect the role of phosphorylation on ubiquitination, I sequentially 

reconstituted biochemical reactions in vitro using recombinant tau. The 

ubiquitinated tau had K48 linkage specificity and phosphorylated tau showed 

hyperubiquitination. Intact tau had only 2-3 ubiquitins. Hyperubiquitination was 

confirmed using methylated ubiquitins. I also identified the sites of 

phosphorylation and ubiquitination and it found that phosphorylation induces 

ubiquitination by increasing sites and their intensities. According to in vitro

degradation and deubiquitination assays, the hyperubiquitinated tau was degraded 

by 26S proteasome and deubiquitinated by ubiquitin specific protease 2 (USP2). 

Acetylation did not have any effects on phosphorylation-induced ubiquitination. 

When ubiquitination was prolonged, phosphorylated tau generated less soluble 

hyperubiquitinated tau. In cells, overexpressing tau and E3 Ub ligase, CHIP 

showed significantly elevated levels of insoluble tau in the presence of proteasome 

inhibitors and phosphatase inhibitors. Therefore, the increase of ubiquitination by 

phosphorylation of tau may induce the aggregation of tau in the state where the 

activity of proteasome is decreased. These data demonstrate that tau ubiquitination 

has both inhibition of aggregation (by degradation) and promotion of aggregation 

(by hyperubiquitination) properties, and that reducing tau ubiquitination combined 

with proteasome activation may be an effective strategy to reduce levels of 

pathological tau proteins in cells.
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Introduction

Many neurodegenerative diseases such as Alzheimer's disease (AD), Parkinson's 

disease (PD), Huntington's disease (HD), amyotrophic lateral sclerosis (ALS), 

frontotemporal dementia, dementia with Lewy bodies, and prion diseases (PrD),

are associated with protein aggregation [1]. Through a series of processes such as 

incorrect twisting, coagulation, and accumulation, it could adversely affect cell 

deterioration and synapse disconnection [2]. The accumulation of misfolded 

aggregates includes alpha-synuclein (α-Syn) in PD, Huntingtin (Htt) in 

Huntington’s disease, prion proteins in PrD, and superoxide dismutase 1 (SOD1) in 

ALS [3]. In AD, the aggregation of amyloid beta and tau is known as the 

etiological factor, and the stages of disorder are explained according to the 

distribution of protein aggregates in the brain. Genetic mutation of presenilin with 

inappropriate cleavage of amyloid precursor protein (APP) results in amyloid beta 

42 formation and amyloid fibril, which was observed in the brains of patients with 

early onset AD [4]. Tau protein produces pathological inclusion in the 

hyperphosphorylic state, which was observed in all stages of AD patients [5].

However, recent studies observed normal patients with higher levels of amyloid 

beta aggregates than AD patients and dementia patients. These patient groups had

very few amyloid beta aggregates [6, 7]. It had been reported that the amount of 

phosphorylated tau in the brains of AD patients is three times more than in the 



2

normal brain [8]. Recently, several pharmaceutical companies have tried to develop 

new drugs targeting amyloid beta but failed clinical trials. It can be inferred that 

tau's pathology is more associated with neuronal loss and cognitive impairment [9].

Although its role in the progression of the disease has not yet been fully elucidated, 

further studies are necessary to determine the cause and develop therapeutic 

strategies.

Tau protein is a microtubule-associated protein composed of 16 exons in 

chromosome 17q21 which have 6 isoforms through alternative splicing of exon 2, 

3 and 10. Exon 2 and 3 encode the N-terminal region and exon 10 encodes the 

microtubule binding repeats (MTBRs) [10]. It is 352 to 441 amino acids in length 

with 0-2 N-terminal inserts and 3 or 4 MTBRs. The N-terminal domain is followed 

by the proline-rich domain (PRD), MTBRs and short C-terminus. Tau binds to 

microtubules via the KVQIINKK peptide in MTBRs, contributing to microtubule 

polymerization and stabilization of the axonal microtubule network. This plays an 

important role in axon growth, effective axonal transport, and the dynamic state of 

the microtubule [11, 12]. Tau isoforms with 3R rather than 4R isoforms bind to 

microtubules with low affinity, and the regulation of the expression of these 

isoforms is developmentally different. In the adult brain, 3R and 4R are present at 

the same level, but only 3R isoforms are expressed in fetal and newborn mice [13]. 

In addition, phosphorylation of tau protein is known to affect the regulation of 

microtubule dynamicity, and in fact, some spatial and temporal changes have been 

reported through phosphorylation of tau during neuronal differentiation [14].
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Post-translational modification (PTM) of tau protein changes its physical 

and chemical composition and affects structural and functional changes. 

Phosphorylation, ubiquitination, acetylation, methylation, and glycosylation are 

well-known PTMs, and research on their sites and effects are actively being carried 

out. Among them, phosphorylation is closely correlated with neurofibrillary tangle 

(NFT), which is known as the hall-mark of AD [15]. Phosphorylation mainly 

modifies MTBRs and PRD, and 85 possible sites exist in the longest isoform of tau. 

Furthermore, mass spectrometry revealed that more than 40 phosphorylation sites 

were related to AD pathological tau [16, 17]. Phosphorylation was observed at 

T175, T181, S262, S356, S422, S46, and S214 in NFT, which were stained using 

antibodies. Moreover, pS199, pS202, pT205, pT212, pS214, pS396, and pS404 

were stained not only in intracellular NFT but also extracellular NFT [18]. Various 

studies have revealed many types of serine / threonine or tyrosine kinases and 

phosphatases. The major kinase is glycogen-synthase kinase 3β (GSK3β). Other 

kinases are cyclin-dependent protein kinase 5 (Cdk5), and cAMP-dependent 

protein kinase (PKA) [19]. GSK3β is thought to be key kinases involved in 

hyperphosphorylation. It is suggested that it phosphorylates various microtubule-

associated proteins (MAPs) and is involved in the regulation of axonal stability 

through direct binding with microtubules. It has also been reported that GSK3β-

phosphorylated tau shows a decrease in affinity with microtubules and levels of 

GSK3β are elevated in patients with AD [20]. Hyperphosphorylated tau causes 

abnormal disengagement of the microtubule and subsequent depolymerization, and 

it is self-assembled to paired helical filaments (PHFs) and NFT. 
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Aggregation of hyperphosphorylated tau mainly causes NFT. Other PTMs 

can also be found in the NFT. Among them, PTM identified by co-staining with 

inclusion bodies is ubiquitination. Recent studies have reported that ubiquitination 

and hyperphosphorylation are included in aggregates. Moreover, when the PHF 

was isolated from the AD brain, the MTBR region was ubiquitinated and had K48 

linkage specificity [21]. There have also been reports that the proteasome activity 

is decreased during AD [22]. Ubiquitination of phosphorylated tau can lead to 

aggregates consisting of ubiquitin, but disruption of degradation by the proteasome 

pathway can also be linked to a fundamental factor. Ubiquitination results in a 

highly specific covalent conjugate of ubiquitin moieties bound to a target protein. 

This requires three enzymes, each namely, ubiquitin-activating enzyme (E1), 

ubiquitin-conjugating enzyme (E2), and ubiquitin-protein ligase (E3). Ubiquitin is 

transferred to thioester linkages in an ATP-dependent manner. In the final step, E3 

being target specific causes the binding of ubiquitin to its substrate by formation of 

an isopeptide bond [23-25]. Poly-ubiquitinated proteins are captured by ubiquitin 

shuttle proteins or receptors and subsequently degraded by UPS or autophagy. 

Ubiquitination of tau by E3 occurs via the C-terminus of the Hsc70-interacting 

protein (CHIP), TNF receptor-associated factor 6 (TRAF6), axotrophin / MARCH7, 

parkin and Cbl [26-29]. CHIP contains an intrinsic E3 ubiquitin ligase activity by 

the U-box domain, which contains the tetrathiophene repeat (TPR) domain 

required for protein interaction and promotes chain elongation of the substrate. U-

box domains are structurally similar to the RING finger motif. Moreover, UBCH5, 

the ubiquitin conjugated enzyme, family is functionally related to CHIP. While 

CHIP was identified to be able to regulate tau ubiquitination regardless of the 
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phosphorylation status [30], hyperphosphorylation of tau in the presence of 

HbcH5B has been shown to be a recognition requirement for ubiquitination. 

Another PTM that can be used to modify lysine residues is acetylation via

the acetyl group of acetyl CoA. Acetylation of tau is performed on lysine residues

using P300 or CBP acetyltransferase and can be di-acetylated by sirt1 and HDAC

[31, 32]. Several studies are underway on how acetylation affects tau protein 

aggregation. Studies revealed that overexpression of K280Q resulted in an 

acetylation mimic that could increase tau phosphorylation and thus affect 

aggregation [33]. It was reported that acetylation at K163, K280, K281, and K369 

inhibited the proteasomal degradation of tau and led to the accumulation of 

hyperphosphorylated tau [34]. However, there were contradictory findings such as, 

in the case of acetylation of K321, it was reported that it inhibited the coagulation 

of tau and the phosphorylation of S324 [35]. In addition, increasing the acetylation 

of K259 and K353 through regulation of HDAC6 prevents the phosphorylation of 

S262, S356 and S324 [36]. The molecular mechanisms that induce tau 

accumulation have not yet been fully understood, and there are no successfully 

developed therapies for treating or preventing AD. Thus, tau aggregation and its 

biological mechanisms need to be studied with regard to several aspects, including 

PTM and degradation pathways.

Here, I confirmed that phosphorylation of tau mediates the increase in 

ubiquitination which subsequently induces the formation of high molecular weight 

species and that acetylation does not affect phosphorylation-induced ubiquitination. 

Firstly, I optimized in vitro assays such as phosphorylation, acetylation and 
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ubiquitination. Assays were performed using purified protein and confirmed using 

specific antibodies. There was no difference between the degradation assays of the 

phosphorylated or acetylated tau performed using the proteasome and those 

performed using the unmodified one. However phosphorylated tau affects its 

ubiquitination and mass spectrometry revealed that phosphorylation induced the 

number of ubiquitination sites mainly in the MTBR. An increase in ubiquitination 

intensity was also observed. It can be gradually deubiquitinated by ubiquitin 

specific proteases and degraded by 26S proteasome. Moreover, induced 

ubiquitination results in aggregated tau, which was confirmed by immunoblotting. 

When proteasome is blocked, ubiquitinated tau mediated by CHIP could not be 

degraded and forms aggregates in the cells. These findings reveal that the 

ubiquitination of tau is needed to reduce intracellular toxicity; however, under

stress conditions, it induces neurotoxicity through aggregation. Further, I suggested 

new hypotheses to understand the aggregate formation process and anticipated that 

it may be helpful to develop an effective strategy for the treatment of AD.
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Material and Methods

Antibodies and reagents

Antibodies and dilution factors used in this study: anti-Ac-Lys (MA1-2021, 

Thermofisher, 1/5,000), anti-b-actin (A1978, Sigma, 1/10,000), anti-CHIP (A301-

572A, Bethyl, 1/5,000), anti-His (A03001, IgTherapy, Korea, 1/2,000), anti-

PSMD2 (PA527663, Pierce, 1/5,000), anti-tau (clone Tau-5; Invitrogen, USA, 

1/10,000), anti-tauser396 (ab109390, Abcam, USA, 1/5,000), anti-tauser199 (ab81268, 

Abcam, 1/5,000), anti-Ub (clone P4D1, Santa Cruz, USA, 1/5,000), anti-Ub (KXR) 

(UM-KXR, Bostonbiochem, 1/5,000). 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: MG132 (Bachem), ATP 

(Calbiochem, USA). Dulbecco's modified eagle medium (DMEM), Fetal bovine 

serum (FBS), and Phosphate-buffered saline (PBS) (pH 7.4) were purchased from 

WelGENE (Korea). Doxycycline (Dox), okadaic acid, and Coomassie Brilliant 

Blue R250 were purchased from Sigma. 

Purification of recombinant tau

The longest isoform of human tau-441 which is encoded recombinant sequence 

was expressed in Escherichia coli strain BL21 (DE3) cells, and the purification of 
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tau was performed. The cells were incubated at 37°C; 0.5 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) was added to each culture at optical density at 600 

nm reached 0.5, and cultured for additional 3 h at 37°C. After the induction, the 

cells were harvested and sonicated in lysis buffer (50 mM NaPO4 [pH 7.4] and 300 

mM NaCl) containing protease inhibitor cocktails. Lysate were cleared by 

centrifugation, filtered with a 0.22 μm polypropylene filter and his-tagged human 

tau was purified on an AKTA pure (GE Healthcare) using a TALON column (5 ×

5 ml, GE Healthcare). Proteins were eluted by using 150 mM imidazole (50 mM 

NaPO4 [pH 7.4], 300 mM NaCl and 150 mM imidazole). The purified His-tau 

proteins were separated with SDS-PAGE and stained with Coomassie Brilliant 

Blue (CBB) for size and purity.

Purification of recombinant CHIP

pGEX4T-1-CHIP, which expresses the human CHIP protein, was transformed in 

Escherichia coli strain BL21 (DE3) cells, and the purification of CHIP was 

performed as described. Cultures were incubated at 37 °C; when the optical density 

at 600 nm reached 0.5, 0.2 mM IPTG was added to each culture, and the cells were 

incubated for an additional 15 h at 20°C (or room temperature). The cells were 

harvested in lysis buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 10% glycerol) 

and lysed via sonication. After the lysates were centrifuged and filtered, the 

supernatants were incubated with gluthathion separose resin (GE Healthcare) at 

4°C for 12 h. After a wash with washing buffer (50 mM Tris-HCl [pH 7.5], 100 

mM NaCl, 10% glycerol, 0.2% Triton-X100), GST-CHIP proteins were eluted by 
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using 10 mM L-glutathion (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 10% 

glycerol). The purified GST-CHIP proteins were separated with SDS−PAGE and 

stained with CBB for size and purity.

Cell cultures and transfection

In this research, mammalian cells used containing HEK293-pre1-HTBH and

HEK293-trex-htau40 cells were grown in DMEM with addition of 10% FBS, 2 

mM glutamine, and 100 units/mL penicillin/streptomycin. Cells were kept in a 

humidified incubator with 5% CO2 at 37°C. For transient overexpression, cells 

were treated with 1-2 mg of total plasmid DNA in a 12-well culture plate (>95 % 

confluent or at a density of 106 cells/well) for 48 h using Lipofectamine 3000 

(Invitrogen) corresponding to manufacturer’s guideline. 

In vitro phophorylation & acetylation assay

In vitro assays were performed using tau protein. For the phosphorylation, 8 umol 

Tau and 0.85 μmol GSK3β were contained in buffer (50 mM Tris-HCl [pH 7.4], 

10 mM MgCl2, 5 mM DTT and 1mM ATP) for 4 h at 37°C. And acetylation was 

conducted using 9 nmol Tau, 0.1 mM P300 and 5 umol acetyl-CoA in buffer (10 

mM HEPES [pH 7.4], 50 mM NaCl, 1.5 mM MgCl2, 0.5 mM DTT, 2.5 mM EDTA 

and 0.1 mM EGTA) for 4 h at 37°C. Modification was monitored by

immunoblotting using antibodies. 

Tau ubiquitination assay and Ub-Tau degradation in vitro
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In vitro ubiquitination assay using tau protein was done. In test tube, ubiquitination 

reaction mixture contained 450 nmol Tau, 70 nmol UBE1, 890 nmol UbcH5b, 3 μ

mol CHIP, and 1.2 nmol ubiquitin in buffer (50 mM Tris-HCl [pH 7.4], 100 mM 

NaCl, 0.8 mM ATP and 10 % glycerol). Ubiquitin reconstitution was progressed for 

4 h at 37°C. For observe the aggregation of ubiquitinated tau, reaction proceeded 

for more than 4 days. To identified the degradation of Ub-Tau, purified human 

proteasomes (5 nM) were incubated with Ub-Tau (100 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-tau antibody.

In vitro deubiquitination assay

For observe the deubiquitination of Ub-tau, purified ubiquitin specific protease 2

(0.3 μM) were incubated with Ub-tau (100 nM) in buffer (50 mM Tris-HCl [pH 

7.4], 100 mM NaCl, 0.8 mM ATP and 10 % glycerol). Deubiquitination rate was 

monitored by immunoblotting using an anti-tau antibody.

20S and 26S human proteasome purification

Both 20S and 26S proteasomes were affinity pull-downed from a stable HEK293 

cell line expressing biotin-tagged pre1 (b4) subunits. The cultured cells were

harvested 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
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homogenized mildly using a Dounce homogenizer. Then supernatants were

separated by centrifugation at 16000×g fot 15min. And incubated with streptavidin 

agarose resin (Millipore, Billerica, MA) for 12 hr 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 20S proteasomes were washed 

with adding high concentration of NaCl. 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).

Isolation of soluble and insoluble tau aggregates in cultured cells

To separate the soluble or insoluble tau aggregates in cultured cells, HEK293-trex-

htau40 cells were used. Cells were washed with ice-cold PBS and lysed with RIPA 

buffer (50 mM Tris [pH 8], 150 mM NaCl, 0.1 % SDS, 1 % NP-40, 0.5 % 

deoxycholate and protease inhibitors cocktail). Lysates were centrifugaed at 

16000g for 30 min. After separating the supernatants, the pellets were washed 

several times with lysis buffer. All samples were prepared as equal volume and 

boiled for 10min at 80°C. 
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Results

In vitro assays for acetylation, phosphorylation and ubiquitination

Tau protein, which is responsible for the stabilization of microtubules, is also being 

actively studied for various PTMs. Most studies are focused on acetylation, 

phosphorylation and determining the correlation between PTM and aggregation

[37]. In this study, I have aimed to find the correlation between phosphorylation,

acetylation and ubiquitination. I optimized in vitro assays of PTMs (Figure 1). 

Purified tau proteins were incubated with P300 acetyl transferase and acetyl-coA. 

Acetylation was confirmed using an acetyl-Lys antibody. Tau was phosphorylated 

by GSK3β kinase. The purified GSK3β kinase and tau were reacted with ATP 

added to the buffer in the test tube. Phosphorylation according to the concentration 

of GSK3β was confirmed through phospho-antibody which can detect pS396 or 

pS199. For ubiquitination, E1 (UBE1), E2 (UbcH5b) and Ub were prepared 

commercially and E3 (CHIP) was purified in the house. It was observed that the 

band increased with and increase in ubiquitin size and in a time-dependent manner. 

CHIP protein, an E3 ligase, is also known to undergo autoubiquitination. This can 

be detected by observing the visible band using the ubiquitin antibody, which is not 

visible when detected with the tau antibody. In addition, ubiquitination has seven 

linkage specificities such as K6, K11, K27, K29, K33, K48 and K63. This results in 

a change in functionality or a way of degradation. Proteasomal degradation is 

known to degrade poly-ubiquitinated substrates with K48 linkage. Commercially 

available mutant ubiquitins that comprise of lysine substituted with arginine can be 
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used to confirm the linkage specificity of the tau. When I used mutant ubiquitins 

for tau ubiquitination, it was confirmed that ubiquitin chains were not formed by 

K48R ubiquitin (Figure 2). Therefore, it can be observed that ubiquitination of tau 

has K48 linkage specificity. Then, I explored the correlation between the three 

PTMs and the resulting biological changes in tau.

Difference in tau degradation according to their post-translational 

modification

An optimized assay was developed in vitro and used to determine whether it effects

the turn over. Native tau is an intrinsically disordered protein that is well degraded 

by 20S proteasome and is known to be degraded by 26S upon poly-ubiquitination. 

Recent studies have reported that phosphorylated or acetylated tau is poorly 

degraded. To confirm, in vitro degradation assay using proteasome was performed 

after phosphorylation or acetylation. First, 293 beta 4 biotin cells were used to 

obtain purified proteasome. Human proteasomes were purified through affinity 

purification using avidin, which pulls biotin that is combined on the beta 4 subunit 

of CP. I also used a control group that did not contain proteasome to clearly show 

the difference. After each PTM reaction, it was reacted with proteasome in ATP-

added buffer. Phosphorylated tau was found to be degraded without any significant 

difference between the intact tau. However, degradation of acetylated tau was 

shown to be delayed (Figure 3).

Tau phosphorylation promotes tau ubiquitination in vitro
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Several studies have been published on the effect of phosphorylation on 

ubiquitination [38]. CHIP was reported to ubiquitinate tau regardless of 

phosphorylation, and that tau phosphorylation was a prerequisite when reacted with 

HbcH5B [30]. To reproduce this result, I performed an in vitro assay. After 

phosphorylation, each of the enzymes were put into the test tube for ubiquitination. 

Heat-inactivation was performed by exposing enzymes to high temperature for a 

short time to confirm the effect of phosphorylation. The active form of GSK3β 

kinase is marked with a black circle and the empty circle indicates the inactive 

form. In Fig. 4, intact tau was indicated by a single band between 60 and 75 kDa 

and phosphorylated tau was present in at 75 kDa. Phosphorylated tau formed a 

poly-ubiquitin chain within 1 hour, showing high molecular weight bands up to 245 

kDa. The tau that was not phosphorylated via inactive GSK3β kinase showed di-

ubiquitination. When I used phospho-antibody, the phosphorylated tau was only 

found in the right site of figure 4 and the band raised by ubiquitination. And this 

phenomenon did not appear when ubiquitination was first performed before 

phosphorylation. Methylated ubiquitin was used to verify multiple ubiquitination

(Figure 5). The ubiquitin, which is reduced its own lysine residue with methylation 

binds to the substrate lysine, allowing mono-ubiquitination but not poly-ubiquitin 

formation. When the phosphorylated tau was subjected to in vitro ubiquitination 

reaction using normal ubiquitin and methylated ubiquitin, it showed that the poly-

ubiquitin bands were formed only in the sample using normal ubiquitin. In addition, 

to confirm the role of CHIP, ubiquitination of phosphorylated tau was performed 

using heat-inactivated CHIP (Figure 6). Ubiquitination band could not be identified 

in the left where CHIP proteins were inactivated. However, experiments using 
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CHIP with normal activity revealed a band that pulled upward. Therefore, it has 

been verified that phosphorylation is a prerequisite for poly-ubiquitination of tau.

Several studies have suggested the effect of PTM sites of tau on the 

mechanism of the disease and the actual PTMs of patients [39]. Therefore, in this 

experiment, I validated each site that had tau PTM after in vitro reaction by mass 

spectrometry. Phosphorylation and ubiquitination sites were identified and the 

intensity was compared with the unmodified tau. Totally, 18 phosphorylation sites 

and 10 ubiquitination sites were found (Figure 7). Phosphorylation was widely

distributed in PRD. Some studies showed that changes in the phosphorylation 

patterns depend on the progression of the disease [8]. For example, 

phosphorylation at S199, S202/205, T231, and S262 is involved in making pre-

tangles and S396 is found in late stage AD (Braak stage V and VI) [41]. I

confirmed that more sites were phosphorylated. In the ubiquitination, four lysine 

sites (K267, K290, K343 and K353) were ubiquitinated in non-phosphorylated tau. 

Their intensities were increased by phosphorylation. More ubiquitination sites such 

as K257, K259, K274, K281, K321, K375 and K385 were identified in the 

phosphorylated tau. These results suggest that determining the correlation of PTM

and identifying the role of a specific site would be beneficial to understand AD 

progression.

Induced poly-ubiquitination of tau is not affected by acetylation.

Ubiquitination and acetylation are modifications which occur in the same lysine 

residue. Moreover, some studies showed that phosphorylation of tau protein is 
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affected differently at each sites by acetylation [34, 35]. To investigate whether 

ubiquitination can be blocked by acetylation, I performed acetylation as the first 

step, followed by phosphorylation and ubiquitination. No changes were observed in 

phosphorylation due to acetylation. Some ubiquitinations also occurred in samples 

using heat-inactivated CHIP because of inadequate inactivation. There were no 

significant differences when comparing ubiquitination between tau and non-

acetylated tau. In addition, the same high molecular species were identified in tau 

after acetylation-phosphorylation-ubiquitination (Figure 8). Therefore, it could be

thought that modification would occur in lysine residue competitively in cells, but 

it was not reproduced in vitro assay.

In vitro ubiquitinated tau is a well targeted deubiquitination and 

degradation mechanism

Ubiquitination is involved in various mechanisms such as protein degradation, cell 

cycle regulation, and stress response in cells. For the signal regulation, the 

degradation of the substrate and deubiquitination are needed. Therefore, the 

ubiquitin specific protease and the ubiquitin proteasome pathway are involved. 

There are many deubiquitinase in cells, one of which is ubiquitin specific protease 

2 (USP2), which is a part of the USP family [40]. USP2 was expressed in bacteria 

and purified using affinity chromatography for in vitro deubiquitination assay. The 

reaction with the ubiquitinated protein and USP2 was conducted and ubiquitins 

were released in a time dependent manner. The reaction completed within 10 

minutes (Figure 9). Further, in vitro degradation assay was performed using 
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purified proteasome. The proteasome that is activated by ATP reacted with 

ubiquitinated tau. Poly-ubiquitinated tau was degraded by 26S proteasome, not by 

20S proteasome. Also, when ubiquitinaed tau with no phosphorylation was reacted, 

the mono-ubiquitinated proteins were not degraded (Figure 10). This not only 

confirmed the poly-ubiquitination of tau, but also confirmed that the ubiquitinated 

tau produced in vitro functions in deubiquitination and degradation assay.

Hyperubiquitination promotes oligomerization of tau.

It is well known that tau with hyperphosphorylation easily forms aggregates. 

Moreover, I showed that phosphorylation also induces the ubiquitination of tau. 

The Kayed group identified that NFT consists of ubiquitinated tau [42]. To 

determine the effect of ubiquitinated tau which is activated by phosphorylation on 

their aggregation, I increased the duration of the ubiquitination reaction to 4 days. 

The sample was also prevented from losing the aggregation form by making a 

sample without adding reducing agents. Inactivated CHIP showed ladder-shaped 

ubiquitin chains on 4 days. However, where the normal ubiquitination reaction was 

performed, the band formed on the stacking gel on the 2nd day. Increased level was 

observed at day 4 (Figure 11). This experiment was conducted in both in vitro and 

in vivo assays.

Okadaic acid is a well-known phosphatase inhibitor. Therefore, I treated 

the cells with this, to induce phosphorylation. In addition, ubiquitination was 

upregulated by transfection of CHIP and ubiquitin. The proteasomal degradation 

pathway was blocked by treatment with MG132 to prevent degradation of 

ubiquitinated phospho-tau before aggregation. I confirmed that transfection was 
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complete by several antibodies. Insoluble fractions were isolated to confirm 

increased tau aggregation due to increased ubiquitination by phosphorylation. In 

the insoluble fraction, the aggregates of phosphorylated tau were increased under 

okadaic acid treatment condition whether MG132 was treated or not. Therefore, it 

is confirmed that phosphorylation induces coagulation of tau. In addition, when 

ubiquitination was induced, no aggregation occurred in the absence of MG132, but 

when the proteasome was blocked, the aggregation was increased. And I also 

showed that when induction of phosphorylation and ubiquitination were done at the 

same time to prevent of degradation by MG132, there was an increase in the tau 

oligomer (Figure 12). Therefore, it could be suggested that low degradation 

mechanisms and increased ubiquitination reactions are suitable conditions to form 

aggregates.
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Figure 1. In vitro post-translational modifications.

Using purified tau proteins, in vitro acetylation, phosphorylation and ubiquitination 

assays were performed. In time dependent manner, acetylation and ubiquitination

of tau proteins were monitored by SDS-PAGE/IB using anti-acetyl-Lys antibody

and anti-tauser396 antibody. And phosphorylation of tau was increased as increased 

concentration of GSK3β.
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Figure 2. K48-inkage specificity of tau ubiquitination.

To identify the linkage specificity of tau ubiquitination, mutant ubiquitins were 

used. The specific lysine residues in mutant ubiquitins were substituted to arginine 

to block ubiquitination. Tau proteins were not ubiquitinated by using K48R mutant 

ubiquitins. Therefore, it was confirmed that tau proteins have K48 linkage 

specificity.
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Figure 3. Degradation of phosphorylated tau and acetylated tau.

The purified 20S proteasomes were incubated with phosphorylated tau and 

acetylated tau. The proteasomes were pre-incubated with ATP-add buffer to be 

activated. (A) Phosphorylated tau was degraded with same rate comparing intact 

tau. (B) However, degradation of acetylated tau was slightly delayed. 
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Figure 4. The effects of phosphorylation on tau ubiquitination.

To verify the effects of phosphorylation on tau ubiquitination, inactive (empty 

circle) and active (black circle) GSK3β were prepared. Inactivation was conducted 

by heating the enzymes. After phosphorylation, ubiquitination was performed. 

Within 1 hr, phosphorylated tau showed be hyperubiquitinaed. It is monitored by 

using anti-tau and anti-tauser199 antibodies. 
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Figure 5. Methylated ubiquitins showed destroyed hyperubiquitination.

To confirm the hyperubiquitination, I used methylated ubiquitins to ubiquitinate tau 

proteins. Methylated ubiquitins makes mono-ubiquitination through inactivated 

lysine residues. Phosphorylated tau was incubated with methylated ubiquitins. 

Comparing with using wild type ubiquitins, phosphorylated tau proteins were not

poly-ubiquitinated. 
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Figure 6. High molecular weight bands were not made by using inactive CHIP 

proteins.

To confirm whether high molecular weight bands are poly-ubiquitinated tau, 

inactive CHIP (empty circle) was used. Inactivation of CHIP was conducted by 

heating the proteins. Phosphorylated tau was incubated with inactive and active 

CHIP. Active CHIP (black circle) induced hyperubiquitination of tau. 
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Figure 7. Identification of tau phosphorylation and ubiquitination sites.

Using mass spectrometry analysis, the sites of phosphorylation and ubiquitination 

were identified. In vitro assays were performed for making samples of analysis. 18 

sites were phosphorylated and 11 sites were ubiquitinated. Non-phosphorylated tau 

showed 4 sites of ubiquitination. Moreover, the sites and intensities of tau 

ubiquitination were increased by phosphorylation. 
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Figure 8. Relationship with acetylation, phosphorylation and ubiquitination.

In vitro assays were sequentially performed as acetylation-phosphorylation-

ubiquitination. Phosphorylation also induced ubiquitination of tau as making high 

molecular weight bands. However, acetylation did not have any effect on 

phosphorylation and ubiquitination in vitro. 
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Figure 9. Deubiquitination of ubiquitinated tau.

To confirm ubiquitination of tau, I performed deubiquitination assays using USP2. 

After phosphorylation and ubiquitination, USP2 was incubated with ubiquitinated 

tau for 10 mins. Ubiquitins were disassembled in a time dependent manner. 
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Figure 10. Degradation of ubiquitinated tau.

After ubiquitination, ubiquitinated tau was incubated with the purified proteasomes. 

Non-phosphorylated tau (empty circle) was ubiquitinated as mono-ubiquitination. 

The mono-ubiquitinated tau was not degraded. The phosphorylated tau (black 

circle) showed hyperubiquitination and it was degraded by 26S proteasomes. 
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Figure 11. Aggregation of ubiquitinated phospho-tau.

To make aggregation of ubiquitinated tau, ubiquitination was conducted for 4 days 

in vitro. Non-phosphorylated tau (empty circle) showed smear bands, however, 

phosphorylated tau (black circle) showed highly aggregated by hyperubiquitination 

in a stacking gel. 
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Figure 12. Induced hyperubiquitination of tau made insoluble tau aggregates 

in the cells.

CHIP and Ub were transfected to induce ubiquitination. And okadaic acid was 

treated to inhibit phosphatase activity. Phosphorylated tau was increased in the 

insoluble fraction. Moreover, in the MG132 condition, ubiquitinated phospho-tau 

showed highly accumulation of insoluble fractions. The changed of insoluble 

fractions were detected by anti-tauser396 antibody. 
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Figure 13. Schematic diagram of tau aggregation under phosphorylation and 

ubiquitination.

Ubiquitination of tau can be induced by phosphorylation, which makes tau 

polyubiquitination. It can be easily degraded by 26S proteasomes. The non-

phosphorylated tau forms a band using 2-3 ubiquitins that cannot be degraded by 

26S proteasomes. And when ubiquitination increases under stress conditions, 

phospho-ub-tau can be more aggregated than ub-tau.



34

Discussion

The synthesized protein undergoes a chemical change called PTM. It can be a 

several types, and is processed by enzymes that recognize specific target sequences 

in certain proteins. It plays a fundamental role in regulating functional states such 

as protein folding, interactions with ligands or other proteins, catalytic activation, 

and signaling functions of related proteins. It can also be reversed by certain 

deconjugation enzymes. These mechanisms control protein function and change 

with different environments.

PTMs have been reported to play an important role in several 

neurodegenerative diseases, including AD. Degeneration of proteins through 

abnormal PTM can result in neuronal degeneration through protein aggregates of 

Alzheimer's disease, Parkinson's disease and prion disease [1]. Phosphorylation of 

protein is the most widespread PTM. Imbalance of related enzymes results in 

hyperphosphorylation or low phosphorylation of the target protein. 

Hyperphosphorylation of tau affects normal cytoskeletal architecture and 

microtubule dynamics, leading to axonal transport blockage. Accumulation of 

hyperphosphorylated tau in dendritic has been shown to alter synaptic function by 

impairing glutamate receptor trafficking or synaptic immobilization [19]. In PD, 

under physiological conditions, approximately 4% of α-synuclein is

phosphorylated at S129, and the amount of phosphorylated form in LB reaches 

90%. Phosphorylation at S129 and S87 may also contribute to abnormal synaptic 

transmission in PD because it can impair dopamine release by reducing β-synuclein 
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binding to lipid vesicles [43].

In the case of ubiquitination, HTT, which is a pathogenic protein of HD, 

may be mentioned. HD is characterized by the presence of intracellular aggregates 

of HTT proteins with expanded polyglutamine repeats. HTT is ubiquitinated in 

K48 and K63, but proteasomes may not be able to digest extended polyQ 

sequences. Furthermore, HTT mutants have been shown to enhance UPS inhibition 

by sequestering components of proteasomes in aggregates [44]. SUMOylation, 

similar to ubiquitination, does not target proteins for degradation, but regulates a 

variety of functions including protein stability, nuclear-cytosol shuttles, and 

transcription. SUMOylated proteins have been detected in neuronal inclusions 

associated with other misfolding diseases, suggesting a role in neurodegeneration

[45]. 

These changes adversely affect cells and contribute to disease progression. 

I sought to understand the mechanism of AD by studying the relationship between 

PTM of tau protein. Here, I investigated the correlation of PTM of the tau protein 

and confirmed that phosphorylation of tau induces hyperactivated ubiquitination, 

which can be easily aggregated (Figure 13). Optimization of in vitro

phosphorylation, acetylation and ubiquitination was established and purified 20S

proteasome was used to confirm the effect of PTM on degradation. Acetylation 

only slightly delayed the degradation of tau. When analyzing the role of 

phosphorylation on ubiquitination, the tau has the linkage specificity of K48 and 

ubiquitination was hyperactivated by phosphorylation. In addition, the sites of 

phosphorylation and ubiquitination were identified by mass spectrometry, and the 

sites and intensity of ubiquitination were increased by phosphorylation. 
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Hyperubiquitinated tau was confirmed to be degraded by purified 26S proteasome 

and deubiquitinated by ubiquitin specific protease 2. Upon prolonged reaction of 

ubiquitination, phosphorylated tau produced aggregates of hyperubiquitinated tau. 

When cells overexpressed the tau and the tau E3 ligase CHIP, they exhibited 

significantly higher levels of insoluble tau in the presence of proteasome inhibitors 

and phosphorylation inhibitors.

The identification of molecular mechanisms leading to aberrant regulation 

of PTM and initiation of the PTM code in the nervous system would be important 

in understanding the etiology of different neurodegenerative disorders and in 

developing therapeutic strategies. Based on these results, the relationship between 

phosphorylation and ubiquitination of tau in AD conditions could be helpful to 

study the mechanism and development of therapeutics.
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국문초록

과활성화된 유비퀴틴화와 관련된 타우

응집의 독특한 병태 기전 규명

서울대학교 대학원

의과학과 의과학전공

김 지 현

타우 단백질은 자연적으로 펼쳐지고 매우 기초적인 단백질로 뇌의 축삭

미세 소관 네트워크의 안정화에 기여한다. 병리학적 조건 하에서 타우

단백질은 형태가 변하여 용해되지 않는 응집체를 형성하는데, 이러한

병리학적 단백질 응집체에 의한 질환을 타우병증(tauopathies)이라

부른다. 다수의 번역 후 변형 (PTM)은 타우 응집의 주요 원인으로

여겨진다. 그러나 번역 후 변형들의 관계와 타우 분해 및 응집에 대한

이들의 상관관계는 아직 밝혀지지 않았다.
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본 연구에서는 타우 단백질의 번역 후 변형의 상관관계에 대한

연구를 수행하며, 타우 단백질의 인산화가 과활성화된 유비퀴틴화를

유도하며 이는 쉽게 응집될 수 있는 것을 확인했다. 정제된 단백질을

사용하여 시험관 내 인산화, 아세틸화, 유비퀴틴화의 최적화를 수립했다.

정제된 20S 프로테아좀을 사용하여 분해에 대한 번역 후 변형의 효과를

확인하였고, 아셀틸화만이 타우 단백질의 분해를 약간 지연시켰다.

유비퀴틴화에 대한 인산화의 역할을 분석하기 위해, 시험관 내에서 번역

후 변형을 순차적으로 수행했다. 타우 단백질은 라이신-48 의 결합

특이성을 가졌으며, 인산화에 의해 과활성화된 유비퀴틴화를 보이거나

인산화되지 않은 타우 단백질은 2-3 개의 유비퀴틴을 가졌다. 또한

메틸화된 유비퀴틴을 사용하여 과할성화된 유비퀴틴화를 재증명하였다.

게다가 질량 분석을 통해 인산화와 유비퀴틴화의 부위를 확인하였고,

인산화에 의한 유비퀴틴화의 부위와 강도 증가를 보았다. 과활성화된

유비퀴틴화는 정제된 26S 프로테아좀에 의해 분해되고 유비퀴틴 특이적

프로테아제 2 에 의해서 탈유비퀴틴화 되는 것을 확인했다. 아세틸화는

인산화에 의해 유도되는 과활성화 유비퀴틴화에 영향을 미치지 않았다.

유비퀴틴화를 장시간 반응시켰을 때, 인산화된 타우는 용해되지 않는

과활성화 유비퀴틴화 타우 단백질의 응집체를 생성하였다. 세포에서

타우 단백질과 타우의 E3 리가아제 CHIP 단백질을 과발현시켰을 때,

프로테아좀 억제제와 인산화 억제제의 존재 하에서 상당히 높은 수준의

불용성 타우를 나타냈다. 이를 통해 타우 단백질의 유비퀴틴화가 응집의
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저해 (분해에 대한) 및 응집의 촉진 (과활성화된 유비퀴틴화에 의해)

특성을 가지며, 프로제아좀 활성화와 타우 단백질의 유비퀴틴화를

감소시키는 것이 세포에서 병리학적 타우 단백질의 수준을 감소시키는

효과적인 전략일 수 있음을 제시한다.

* 본 논문의 내용은 출판을 위해 더 연구 중에 있다.

-------------------------------------------------

주요어 : 타우, 번역 후 변형 (PTM), 인산화, 유비퀴틴화, 아세틸화, 

올리고머화, 응집, 분해, 불용성 타우, 타우병증, 알츠하이머병, 

유비퀴틴-프로테아좀 시스템 (UPS)

학  번 : 2015-23239
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