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ABSTRACT

Phosphorylation of Retinoic acid

receptor-related orphan receptor α by

AMP-activated protein kinase

Kim, Sun-A

College of Pharmacy

The Graduate School

Seoul National University

Retinoic acid receptor-related orphan receptor α (RORα) plays

important roles in various metabolic pathways in regulating

expression of many metabolic genes. We have previously shown that

RORα has a close connection with AMP-activated protein kinase

(AMPK), one of the master regulators of lipid and carbohydrate

metabolism. Over-expression of the constitutively-active AMPK

(CA-AMPK) or treatment of AICAR, an activator of AMPK,

increased phosphorylation of RORα in HepG2 cells, however, it is not

clear whether AMPK directly phosphorylates RORα or not. Therefore,

we performed in vitro kinase assay using partially purified

recombinant RORα expressed in E. Coli A vector encoding full-length
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RORα fused with glutathione-S-transferase (GST) at the N-terminus

and His-tagged at the C-terminus was constructed. This construct

was transformed into BL21 and expression was induced by 0.5 mM

IPTG for 6h at 30℃. Continually, using His-tag affinity column

chromatography, the GST-RORα–His fusion protein was obtained

with approximately 80% purity. In vitro kinase assay, the

recombinant GST-RORα-His was incubated with are combinant

AMPK at condition of low ATP/AMP ratio of 0.5. The reaction

mixture was fractionated by SDS-PAGE, blotted in nitrocellulose

membrane and the phosphorylated protein was proved by α-Ser or α

-Thr antibodies. We found that the GST-RORα-His protein was

phosphorylated at Ser residue. Further the AMPK-induced

phosphorylation of RORα was inhibited by addition of Compound C,

an AMPK inhibitor. In two trials identification of phosphorylation

sites LC-MS/MS analysis identified, Ser66 and Ser139. Mutation of

Ser66 to Ala attenuated the AMPK-induced transcriptional activity of

RORα, however the mutation of Ser66 alone failed to block the

phosphorylation of RORα by AMPK activation. Further studies on the

mutation of Ser139 and the biochemical function of the identified

residues are required in the future.

Keyword : AMPK, RORα, in vitro kinase assay, phosphorylation

Student Number : 2010-23654
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Ⅰ. INTRODUCTION

Nuclear receptors basically play a role in cellular processes by

regulating metabolic gene expressions, so their malfunction can be

associated with metabolic diseases such as obesity, diabetes, and

atherosclerosis. At this point of view, it is important to understand

how to regulate it and signaling which the process is associated with.

Retinoic acid receptor-related orphan receptor α (RORα), a member of

the steroid hormone receptor super-family of transcriptional factor,

plays important role in various metabolic pathways in regulating

metabolic gene expression (Jetten et al., 2009) (Figure 1). As one of

the key molecules of circadian rhythm that is associated with

metabolic diseases including obesity, diabetes, and cancer, RORs

regulates the rhythmic expression of downstream metabolic target

genes and implicates the cyclic control of metabolic processes, such

as energy homeostasis, and lipid metabolism (Sato et al., 2004; Kang

et al., 2007; Liu et al., 2008).

In the studies using stagger (RORsg/sg) mouse model which

expresses a natural mutant form of RORα, it effected on triglyceride

homeostasis by changing the regulation of a number of genes,

including those involved in the control of lipogenesis and fatty acid

oxidation (Jetten et al., 2009). The expression of sterol regulatory

element-binding protein 1, isoform c (SREBP1c), which is a crucial
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regulator of lipogenesis and several lipogenic genes, was observed

significantly reduced in liver and skeletal muscle of RORsg/sg mice

and this had the consequence of the suppression of fatty acid

synthase (FAS), one of the SREBP1c target genes (Lau et al., 2008;

Wada etal., 2008). But it was not associated with expression levels of

liver X Receptor (LXR) and carbohydrate response element-binding

protein (ChREBP), which is known as critical factors in regulating

SREBP1c (Wagner et al., 2003; Pegorier et al., 2004; Cha and Repa,

2007). So it can be concluded that RORα positively regulates

lipogenesis through increased SREBP1c expression (Jetten et al, 2009).

The LXRα also suppresses the RORα-induced transcriptional

expression of oxysterol 7α-hydroxylase (Cyp7b1), an enzyme that is

critical for the homeostasis of cholesterol (Wada et al., 2008a, b).

Given LXRα has close interaction with AMPK, which suppresses

LXRα by phosphorylation and inactivation; it can lead the hypothesis

that there are networks between RORα and AMPK. As supporting

this, it was recently shown that RORα can attenuate hepatic steatosis

by activating AMPK and repression of LXRα. When RORα was

activated by its activator synthesized thiourea derivatives, JC1

compounds, the cellular lipid accumulation was inhibited with

activating AMPK and the expression of LXRα (Kim et al., 2012)

(Figure 3).

AMPK is a heterotrimeric serine/threonine kinase composed of

catalytic α subunit, and regulatory β subunit and γ subunit. (Viollet

et al., 2009) It acts as an energy sensor by sensing changes of the
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AMP/ATP ratio, when consumption of cellular adenosine triphosphate

(ATP) is increased. This cellular energy status activates AMPK,

which regulates the activity or expression of proteins involved in

various metabolic pathways. For example, in metabolic stimuli, such

as hypoxia and glucose deprivation, or by energy-balancing cytokines

including leptin and adiponectin, AMPK decreases the storage of

triglyceride in the liver as well as levels of plasma fatty acid and

triglyceride (Viollet et al., 2009)

AMPK phosphorylates and regulates the key factors in various

physiological processes (Figure 2). AMPK inactivates acetyl-CoA

carboxylase 1 (ACC), its enzyme activity that changes acetyl-CoA to

malonyl-CoA, by direct protein phosphorylation, causing inhibition of

fatty acid biosynthesis and activation of beta-oxidation (Ha et al.,

1994; Cantó et al., 2010). Phosphorylation of SREBP-1c by AMPK

supresses its cleavage for nuclear transcloation (Yu et al., 2011), in

contrast, AMPK-induced phosphorylation of PGC-1α makes it easy to

be deacetylated by sirt1 and activated, resulting a increase of β

-oxidation in mitochondria (Jager, S. 2007; Cantó et al., 2009). In

addition, in case of p53, well known as the tumor suppressor,

AMPK-induced phosphorylation protects it from further ubiquitination

and is stabilized (Jones et al., 2005), while the stability of CYP1, one

of the factors in circadian rhythm, is decreased by increased

ubiquitination following phosphorylation of AMPK (Lamia et al.,

2009).
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Figure 1. The functions of RORα in pathophysiology

The schematic illustration of the functions of RORα in its various

target tissues.
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Figure 2. AMPK phosphorylates and regulates the key factors

in various cellular metabolism

The molecules which are directly phosphorylated by AMPK and the

phosphorylation site are depicted. As the result of phophorylation, the

behavior of molecules are changed and finally regulates various

physiological processes, such as lipid metabolism, circadian rhythm

and tumor growth. (Ha et al., 1994; Jones et al., 2005; Jager, S. 2007;

Lamia et al., 2009; Yu et al., 2011)
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Figure 3. RORα-induced activation of AMPK represses hepatic

lipogenesis

The schematic model for mechanism of the suppression of hepatic

lipogenesis by interaction between RORα and AMPK. Activated RORα 

induces activation of AMPK, and as a result, hepatic lipid

accumulation is reduced in vivo by regulating important lipogenic

genes (Kim et al., 2011).
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Ⅱ. PURPOSE OF STUDY

The characterization of nuclear receptors, considered its functions of

regulating gene expressions, is regarded important in the study of

metabolic diseases. Early studies found that the nuclear receptors

undergo various post translational modifications (PTMs), such as

phosphorylation, acetylation, and ubiquitination, which cause

significant effects of the behaviors of the proteins by changing its

transcriptional activity, stability, and interactions with co-activators or

co-repressors. RORα, a member of the nuclear receptor family steroid

hormone, plays a critical role in the regulation of various metabolism

and physiological processes. But about the signaling pathways and

PTMs to regulate it and its function, even if there were some of the

studies previously (Figure 4), RORα is not yet well-investigated

compared to other nuclear receptors.

Given that RORα plays important role in the regulation of lipid and

steroid metabolism, it can have a close connection with AMPK, one

of the master regulators of lipid and carbohydrate metabolism. In the

previous study, it was shown that RORα expression is associated

with a reduction in cellular ATP and the activation of LKB1, an

upstream kinase of AMPK (Kim et al., 2012). Over-expression of the

constitutively-active AMPK or treatment of aminoimidazole

carboxamide rebonucleotide (AICAR), an activator of AMPK,
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increased phosphorylation of RORα in HepG2 cells (Kim et al., 2012)

(Figure 5). However, because there are many other kinases which

could be impacted by activation of AMPK, it is not clear whether

AMPK directly phosphorylates RORα or not. Therefore, we performed

in vitro kinase assay using partially purified recombinant RORα 

expressed in E. Coli.

In this study, we aimed to make it clear that RORα is phosphorylated

by AMPK and observe the changes in the biochemical function by

AMPK-induced phosphorylation of RORα.
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Figure 4. Previous studies about post-translational modifications

of RORα

The image represents the previously studied post-translational

modifications of RORα, Phosphorylation of Ser35 by PKCα (Lee et al.,

2010), phosphorylation of Ser99 by PKA (Ermisch et al., 2011), and

sumoylation of Lys240 (Hwang et al., 2009).
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Figure 5. Previous study about the Phosphoryaltion of RORα by

AMPK, in vivo

Previously, we observed that RORα was phosphorylated by AMPK.

Over-expression of CA-AMPK induced phosphorylation of RORα,

which was abolished by treatment of compound C, an inhibitor of

AMPK, in HepG2 cell (Kim et al., 2011).
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Ⅱ. MATERIALS AND METHODS

1. Cell culture

Human hepatocellular carcinoma cell line, HepG2 was obtained from

the American Type Culture Collection (ATCC). Cells were maintained

in Dulbecco's modified Eagle's medium containing 10% fetal bovine

serum and penicillin (100 U/ml) and streptomycin (100 U/ml) at 37℃

in a humid atmosphere of 5% CO2 and 95% air.

2. Plasmid constructs and DNA template preparation

For the expression of GST-RORαWT-His, full-length of RORα was

amplified using the following primers: forward 5'-GCC

GGATCCATGGAGTCAGCTCCGGCAGC-3' and reverse 5'-GCC

GAATTCTTACCCATCAATTTGCATTG-3'. The amplified product

was cloned into the pGEX4T1 vector and the pGEX4T1-RORα was

used as a template for further amplification using a forward primer

containing the N-terminus of GST sequence 5'-GCCCATATGT

CCCCTATACAGGTTATTG-3' and reverse primer containing HindⅢ

recognition sequence 5'-GCCAAGCTTCCCATCAATTTGCATT

GCTG-3'. The amplified GST-RORα product was cloned into the Nde

Ⅰ/HindⅢ site of the pET21a+vector.

To perform point mutation of RORα, a serine 66 residue to alanine,
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GST-RORαS66A was amplified using pGEX4T1-RORα as template

and the following primers: forward 5'-GTAACGAAGAAGACACATA

CAGCTCAAATTGAAATTATTC-3' and reverse 5'-GAATAATTTC

AATTTGAGCTGTATGTGTCTTCTTCGTTAC-3'. The amplified

GST-RORαS66A product was cloned into the T-easy vector

(Promega) and the T-easy GST-RORαS66A was used as a template

to sub-clone flag-RORαS66A and pET21a+4T1-RORαS66A.

3. Synthesis and purification of recombinant proteins from

bacterial

For the recombinant protein synthesis in E. coli, the pET21a+-RORα

WT-His and pET21a+-RORαS66A-His construct were transformed to

B21 (DE5) cells and grown at 37℃ in 1.6 L of LB media until an OD

600 of 0.6. and induced with 0.5 mM IPTG for 6 h at 30℃. The

bacterial cells were lysed with lysis buffer composed of 50 mM

Tris-HCl (pH 8.0), 100 mM NaCl and broken by sonication for 90

min at a power of 40 kHz. The lysates were centrifuged at 16,000 g

for 60 min. The supernatant were loaded to Ni+-NTA resin (Qiagen)

for His-tag affinity column chromatography. After a wash with 50

mM Tris-HCl (pH 8.0), 100 mM NaCl, 50 mM Imidazole, the

resin-bound GST-RORα-His proteins were eluted with raising the

concentration of imidazole from 250 mM to 500 mM.

For purification of the recombinant GST-RORαWT protein, the
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pGEX4T1-RORαWT construct were transformed to B21 (DE5) cells

and grown at 37℃ in 1.6 L of LB media until an OD 600 of 0.6. and

induced with 0.3 mM IPTG for overnight at 16℃. The bacterial cells

were lysed with lysis buffer composed of 50 mM Tris-HCl (pH 8.0),

100 mM NaCl, 10 mM β-mercaptoethanol and lysed, centrifuged, and

the supernatant was loaded to glutathione-S-sepharose resin (GE

Healthcare) for GST-tag affinity column chromatography. After wash

with the same buffer of lysis step, the resin-bound GST-RORα 

proteins were eluted with 5 mM glutathione.

4. I n vitro AMPK kinase assay

In vitro kinase assays were carried out as described. The

recombinant GST-RORα-His protein was incubated with kinase

buffer composed with 25 mM Tris-HCl (pH 7.5), 2.5 mM

beta-glycerphosphate, 1 mM EGTA, 0.4 mM EDTA, 5 mM MgCl2,

0.05 mM DTT, 0.1 mM Na3VO4 (= total vol. 25 μl) in the presence or

absence of 100 ng recombinant AMPK protein (abcam) for 30 min at

30℃. The reaction mixture was fractionated by SDS-PAGE, blotted

in nitrocellulose membrane and the phosphorylated protein was proved

by α-Ser or α-Thr antibodies and for the quantifying of each protein,

these were also probed by α-His. Bands were visualized using an

enhanced chemiluminescence detection system (Amersham

Biosciences). The total protein levels were determined by Coomassie

blue staining.



- 14 -

5. Phosphoprotein staining and phosphorylation analysis by

LC-MS/MS

The phosphoprotein staining and LC-MS/MS analysis were performed

by the Genomine, Inc. Briefly, The recombinant GST-RORα-His

protein (10 μg) was incubated with recombinant AMPK protein (300

ng) in kinase buffer for 30min at 30℃. The reaction was stopped by

adding 7x SDS sample buffer and boiling, and then directly separated

by 10% SDS-PAGE. The acrylamide gel was fixed by fix buffer

composed with 10% acetic acid, 50% methanol for 10min and washed

with water. The phosphoprotein staining was carried out using the

ProQ Diamond staining kit according to manufacturer's indication

(Invitrogen). For LC-MS/MS analysis, the ~80 kDa detected protein

band, GST-RORα-His, in ProQ Diamond staining, was excised,

destained, washed, and digested with modified trypsin. All of the

digested peptides were analyzed using Mascot search (Matrix

Science). The first LC-MS/MS analysis was performed by Genomine,

and the second LC-MS/MS by Diatech Korea.

6. Immunoblotting

After two washes with cold phosphate-buffered saline, HepG2 cells

were lysed in lysis buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 1

mM EGTA, 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS). The 20 μg

of protein was directly separated by 9% SDS-PAGE and transferred

to PVDF membranes (Millipore). Blocked membranes were then

incubated with primary antibodies for overnight at 4℃. Then
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membranes were washed three times with PBS-T containing 0.1%

Tween 20 in PBS buffer, and subsequently incubated with diluted

secondary antibodies for 1 h at room temperature and washed three

times again with PBS-T. Bands were visualized using an enhanced

chemiluminescence detection system (Amersham Biosciences).

7. Reporter gene assay

HepG2 cells were grown (50-60% confluent) in 12-well plates, and

plasmid DNA was co-transfected into PC-3 cells as described in the

Luciferase Assays section. After 24 h incubation period, cells were

harvested in 200 μl of reporter lysis buffer (Promega).
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Ⅲ. RESULT

1. Purification of GST-RORα-His using E . coli expression

system

For in vitro kinase assay, the recombinant GST-RORα, GST-RORα

-His proteins were purified by E. coli expression system. Usually, the

GST tag is chosen for affinity purification because of its efficient

translation initiation in E. coli and ability to enhancing the solubility

of the tagged recombinant protein (Waugh et al., 2005). But in the

single affinity tag purification carried out using the N-terminus GST

tag, GST-RORα, it was found that there were many lower molecular

weight contaminating proteins that were presented with Coomassie

Brilliant Blue (CBB) staining (Figure 7A, lane 1, 2). So we employed

the C-terminus His tag to the GST-RORα, by which the purity of

recombinant protein was increased up to about 90% after His-tag

affinity purification (Figure 6).

2. AMPK phosphorylates at Ser residues of RORα, in vitro

kinase assay

Previously, we showed that over-expression of the

constitutively-active AMPK or treatment of AICAR, an activator of

AMPK, increases phosphorylation of RORα in HepG2 cells (Kim et
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al., 2012). To make obvious that the phosphorylation is increased by

direct effects of AMPK, we performed in vitro kinase assays.

Recombinant GST-RORα-His protein was observed as phosphorylated

form at Ser residue in 90% of high purity as well as very low purity

of GST-RORα (Figure 7A). Further the AMPK-induced

phosphorylation of GST-RORα-His phosphorylation was reduced by

adding of compound C, an inhibitor of AMPK (Figure 7B). In

addition, the phosphorylation of GST-RORα-His was increased

following with the increasing concentration of AMPK (Figure 7C).

3. The Ser66 of RORα is analyzed as AMPK induced

phosphorylation stie by LC-MS/MS

To find the AMPK-induced phosphorylation site of RORα, the

LC-MS/MS analysis was performed. Analyzing the phosphorylation

sites by LC-MS/MS in AMPK reacted GST-RORα-Hisis, there were

30 peptides that the Mascot score value is over 6 and only one query

peptide, 494, score 22, phosphorylated at Ser residue located in the

66th residue at RORα (Table, Figure 8). A phosphorylated peptide

was accepted at present if it had been assigned in the Mascot

database search with a Mascot score value of at least 20 (Thingholm

et al., 2008). So the Ser66 of RORα is expected to be the

AMPK-induced phosphorylation site.
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4. The transcriptional activity of RORα is reduced in the

mutation of Ser66 residue

Usually, mutation of post-translational modification sites in nuclear

receptor can result in the change of transcriptional activity

(Hermanson et al., 2002). To study the effects of phosphorylation of

AMPK to RORα, the LC-MS/MS analyzed phosphorylation site, Ser66

residue, was mutated to alanine and its transcriptional activity was

compared to the wild type of RORα in HepG2 cell. In reporter gene

assay employing ROR response element (RORE)-tk-Luc presents,

both the wild type, RORα-WT, and the mutated type, RORα-S66A,

presented induced transcriptional activity as increasing the quantity of

over-expression. But the transcriptional activity of RORα-S66A was

less than that of wild type (Figure 9A). Correspondingly, CA-AMPK

could not increase the transcriptional activity effectively when it was

co-transfected with RORα-S66A (Figure 9B).

5. The mutation of Ser66 is insufficient to blunt AMPK-induced

phosphorylation of RORα

To confirm the Ser66 as AMPK-induced phosphorylation site, in vitro

mutation study was performed. But when the wild type of GST-ROR

α-Hisis and the mutated type, GST-RORαS66A-His was reacted with

AMPK in vitro, both of the two recombinant proteins seemed to be

phosphorylated at Ser residue (Figure 10). So, it was expected that
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there were the other sites to be phosphorylated by AMPK.

6. The possibility of the other AMPK-induced phosphorylation

sites in RORα

As it seemed that there were several sites to be phosphorylated by

AMPK, we tried the LC-MS/MS analysis again. In this trial, the Ser

139 of RORα was analyzed as the AMPK-induced phosphorylation

site (Figure 11).
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Figure 6. Purification of recombinant GST-RORα-His protein

The recombinant GST-RORα-His Proteins were purified using

His-tag affinity column chromatography. The protein concentration

and purity of eluted 5 fractions were determined by CBB staining.
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Figure 7. AMPK phosphorylates at Ser residues of RORα, in

vitro kinase assay

(A) Recombinant GST-RORα and GST-RORα-His protein purified

from E. coli were incubated with a recombinant AMPK-His (100

ng) at condition of low ATP/AMP ration of 0.5 and phosphorylated

proteins were probed by western blotting using α-Ser and α-Thr.

The auto-phosphorylation of AMPK subunit β was included as a

positive control. The concentration and purity of total proteins were

demonstrated by Coomassie Brilliant Blue (CBB) staining. (B)

AMPK-induced phosphorylation of RORα was inhibited by addition of

Compound C (0.4 mM), an AMPK inhibitor. (C) The phosphorylated

recombinant GST-RORα-His protein was induced as the increasing

concentration of recombinant AMPK protein, in vitro. G-RORα;

GST-RORα, G-RORα-H; GST-RORα-His.
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Table. Phosphoprotein identification and Phosphorylation site

determination by LC-MS/MS

The AMPK reacted ~80 kDa band, GST-RORα-His, was excised,

destained, washed, and digested with modified trypsin for

LC-MS/MS. All of the digested peptides were analyzed using Mascot

search (Matrix Science), calculated by summing all forms of a given

peptide (that is, multiple charge states and the following

modifications: oxidation, deamidation, propionamide, and

phosphoryaltion etc.), and presented if the Mascot score value was

above 5. A phosphorylated peptide was accepted as presented in a

given sample if it had been assigned in the subsequent Mascot

database search with a Mascot score value of at least 20 (Thingholm

et al., 2008) and it is presented in bold.
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Figure 8. The Ser66 of RORα is analyzed as AMPK induced

phosphorylation site by LC-MS/MS

One of the presented 30 peptides, the query number 494, was

detected as phosphorylated peptide. The designated serine residue is

presented in an underlined letter.
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Figure 9. The transcriptional activity of RORα is reduced in the

mutation of Ser66 residue

(A) HepG2 cells were transfected with RORE-Luc together without

and with 0.2, 1, 2, or 5 ng each of p3XFLAG10-RORα and

p3XFLAG10-RORαS66A. After 24 h, the reporter gene activity was

measured. (B) HepG2 cells were co-transfected with 10 ng

CA-AMPK and p3XFLAG10-RORα wild type or S66A using

RORE-Luc as a reporter gene. After 24 h, the reporter gene activity

was measured. *P < 0.05 vs no treatment.
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Figure 10. The mutation of Ser66 is not sufficient to blunt

AMPK-induced phosphorylation of RORα, in vitro

Recombinant GST-RORα-His wild-type and S66A protein (3 μg)

purified from E. coli were reacted with 50, or 100 ng of a

recombinant AMPK-His in 30℃ for 30 min. The reaction mixture

was subjected to SDS-PAGE, blotted in nitrocellulose membrane and

the phosphorylated protein was proved by α-Ser or α-Thr antibodies.
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Figure 11. The Ser139 of RORα also is detected as

AMPK-induced phosphorylation site

The GST-RORα-His protein was reacted with AMPK in vitro,

separated by SDS–PAGE, and visualized by Coomassie blue staining.

The ~80 kDa band was in-gel digested and analyzed by LC-MS/MS.

The MS/MS spectrum and sequencing result of a phosphorylation at

Ser 139 of RORα.
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Figure 12. The schematic illustration of AMPK-dependent

regulation in RORα function

RORα is directly phosphorylated by AMPK, which seems to

phosphorylate several Ser residues of RORα. To find AMPK-induced

phosphorylation site clearly, mutation study of Ser139 with or without

Ser66 is necessary. And further studies on the biochemical function

of the other residues as well as the identified Ser residues of RORα 

are required in the future.



- 32 -

Ⅳ. DISCUSSION

RORα, a member of the superfamily of the nuclear receptor, which

regulates various cellular metabolism as a transcription factor. In the

regulation of these nuclear receptors, the PTMs are regarded as an

important process, resulting in changes of protein stability,

transcriptional activity, and interactions with co-activators etc. One of

the previously studied PTMs of RORα is phosphorylation to Ser35 by

PKCα, which induces RORα binding to β-catenin in wnt-signaling

and suppresses the growth of tumors (Lee et al., 2010). The

sumoylation to the Lys 240 of RORα results in increased

transcriptional (Hwang et al., 2009), and the Ser99 of RORα can be

phosphorylated by PKA but there is no idea about its effects

(Ermisch et al., 2011). Even if there were some of previous studies

as introduced before, that is less than the cases of other nuclear

receptors.

Previously, we showed that over-expression of CA-AMPK induced

phosphorylation of RORα, which was abolished in the presence of

compound C, an inhibitor of AMPK, in HepG cell (Kim et al., 2012).

Correspondingly, RORα was phosphorylated at Ser residue by AMPK,

in vitro, which was analyzed as the Ser66 residue of RORα is the

phosphorylation site by AMPK at LC-MS/MS. But the mutation of

Ser66 alone could not blunt the AMPK-induced phosphorylation in

vitro, and another phosphorylation site, Ser139, was analyzed in the
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second trial of LC-MS/MS. So several Ser residues of RORα seem to

be directly phosphorylated by AMPK.

Even if there were a possibility to be unknown AMPK-induced

phosphorylation site, the Ser66 residue of RORα was observed that it

have correlation with AMPK in its transcriptional activity. When the

Ser66 residue was mutated, not only was its transcriptional activity

reduced compared to wild-type, but also not increased as effectively

as wild-type's in co-expression with CA-AMPK. But if the quantity

of expression was increased, the transcriptional activity of RORαS66A

was also induced slowly, but consistently. That would be the effects

of the other phosphorylation sites in RORα, so in the future, it is

necessary to make an effort that search for remaining sites to be

phosphorylated by AMPK and further study of the biochemical

function of the other residues as well as the identified Ser residues of

RORα. Defining the close-interaction of RORα and AMPK may

provide an insight into understanding the status of RORα in various

diseases.
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국문초록

레티노산 관련 고아 핵 수용체 (RORα)는 많은 대사관련 유전자의 발

현을 조절함으로써 다양한 대사 경로에 중요한 역할을 수행한다. 이와

관련하여 이전에, RORα가 지방이나 탄수화물 대사에 중요한 조절 인자

들 중 하나인 AMPK와 밀접한 연관성을 가진다는 것을 확인한 바 있다.

지속적으로 활성을 가지는 형태의 AMP-의존성 인산화 단백질(AMPK)

을 과 발현되도록 하거나, AMPK를 활성화 시키는 물질인 AICAR를 처

리하였을 경우, HepG2 세포에서 RORα의 인산화가 증가하였다. 그러나

이 현상이 AMPK가 직접적으로 RORα를 인산화하여 일어난 것인지는

확실하지 않았다.

본 연구에서는 이를 분명히 하기위해 대장균에서 RORα 단백질을 발

현 후 정제한 것을 이용하여, 생체 외 실험법으로 인산화 실험을 수행하

였다. 전체 RORα 단백질에서 N-말단에 GST, C-말단에 His-tag이 발

현되도록 설계된 클로닝 운반체를 제작하였다. 이 클로닝 운반체가 대장

균 균주인 BL21에 형질전환 되도록 하여, 섭씨 30 도에서 6 시간 동안

0.5 mM 농도의 IPTG로 GST-RORα-His 단백질의 발현을 유도하였다.

이어 His-tag 친화성 관크로마토그래피를 이용해 정제한 결과, 약 90 퍼

센트 정도의 순수한 GST-RORα-His 단백질을 얻어내었다. 생체 외 인

산화 실험에서, GST-RORα-His 단백질을 AMPK 단백질과 함께

AMPK가 활성화 되는 조건인 AMP가 낮은 비율(AMP 대비 ATP 비율

0.5)을 만들어 반응을 한 결과, GST-RORα-His의 세린 잔기에서 인산화

가 일어나는 것이 관찰되었다. 여기에서 AMPK에 의해 증가된

GST-RORα-His의 인산화는 AMPK의 활성 저해 물질인 compound C가

함께 처리된 경우에 억제되었다. LC-MS를 이용하여 GST-RORα-His
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인산화 되는 잔기를 분석한 결과, 66번과 139번 세린 잔기에서 인산화가

일어나는 것이 확인되었다. 그 중 66번을 알라닌으로 변이시킨 RORα로

AMPK를 활성화 시킨 상태에서 전사 활성을 측정해 본 결과, 그 활성

정도가 정상 RORα에 비해 증가 폭이 낮은 것으로 보였다. 그러나 66번

세린잔기 하나만 변이시킨 RORα은 세포 외 실험에서 여전히 AMPK에

의해 인산화가 보였다. 이러한 결과들은 AMPK는 RORα의 여러 세린

잔기를 인산화 할 수 있으며, 그로 인해 RORα의 전사 활성을 변화 시킬

수 있다는 것을 보여준다.

앞으로, 아직 명확히 밝혀지지 않은 AMPK에 의한 RORα의 인산화

위치와 세린 139번의 변이에 대한 연구, 그리고 그로 인한 생화학적 기

능 변화 및 기전에 대한 연구가 진행되어야 할 것이다. 이는 훗날 다양

한 질병에서 나타나는 RORα의 상태를 이해하는데 도움을 줄 것이다.

주요어 : RORα, AMPK, 인산화, 생체 외 실험

학 번 : 2010-23654
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