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Domain 2Domain 1

IDP

天然変性タンパク質
Intrinsically Disordered Protein: IDP

IDPs are characterized by a lack of stable 
folded structure along their entire lengths or 
in localized regions between domains, when 
they exist as isolated polypeptide chains 
under physiological conditions

Mica

Cantilever

Domain 2
Domain 1

High-speed AFM (50 msec/frame)
Prof. T. Ando (Kanazawa Univ.)
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Domain 2Domain 1

IDP

dimer monomer

天然変性タンパク質
Intrinsically Disordered Protein: IDP
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二次元検出器

散乱強度：
2 3 3 ( )( ) ( ) ( ) ( ) iI F d d e         Q r rQ Q r r r r

散乱因子：
3( ) ( ) iF e d    Q rQ r r  4 sin  Q

X-FEL (10 fs)

I(Q)

X-ray Scattering from Single IDP

Oversamplingによる像の回復
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コヒーレント光を用いた
新しいタンパク質溶液散乱法の提案

異方的な散乱パターンから
タンパク質構造情報が引き出せるか

研究１

北大・西野吉則研究室との共同研究

フェムト秒パルスレーザーによるタンパク質１分子からの溶液散乱

研究２

少数タンパク質分子からの溶液散乱

天然変性タンパク質をターゲットとした新しい構造生物学
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溶媒の電子密度 ρ0 

散乱因子： 3
0( ) ( ( ) ) iF e d     Q rQ r r （溶媒からのContrast）

散乱強度：
2

Ensemble

( ) ( )I Q F



Q

Q

I(Q)

二次元検出器

X-rays

回転平均
&

アンサンブル平均

Multi-domain proteins in solution

Small-Angle X-ray Scattering（SAXS）

タンパク質1012分子
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No. of PubMed hits dealing with IDPs

Biochim. Biophys. Acta, 1804, 1231-1264 (2010)

What happened ?

IDP
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P. Wright  et al. Cell 91, 741-752 (1997)

転写因子CREBの
KIDドメイン

（天然変性タンパク質）

転写のコアクチベータ
CBPのKIXドメイン

＋

特異的複合体

天然変性タンパク質は他のタンパク質やリガンドと
相互作用すると立体構造が形成される

Coupled folding & binding
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Coupled Folding & Binding

転写因子CREBの
KIDドメイン

（天然変性タンパク質）

転写のコアクチベータ
CBPのKIXドメイン

＋

特異的複合体
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IDP

Peter Wright 

No. of PubMed hits dealing with IDPs
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コアクチベータ CBP
のTAZ1ドメイン

Asparagine Hydroxylase

低酸素誘導因子HIF1α
（IDP）

＋

＋

天然変性タンパク質は複数のタンパク質やリガンドと相互作用し
それぞれ異なる立体構造を形成して機能する

天然変性タンパク質は生体内ネットワークにおける
ハブ（中核）タンパク質として機能する

（Proc. Natl. Acad. Sci. USA 2002）

（J. Biol. Chem. 2003）

Intrinsically Disordered Protein: IDP
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Biochim. Biophys. Acta, 1804, 1231-1264 (2010)
A Recent Review Article on IDP
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Gordon Research Conference on IDP
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IDPs and human diseases
Alzheimer disease and amy-β, tau, α-synuclein

IDPs as novel drug targets
One partner is disordered and the second is structured
Both partners lacks fixed structures

D2-concept: disorder in disorders

IDPs as hubs in protein signaling networks
p53 regulates over 150 gene transcriptions (p21, MDM2, BAX ….)

IDPs and AS (alternative splicing)
AS region of mRNA code for ID regions
AS is likely to be involved in cell differentiation

IDPs and PTMs (post-translational modifications)
PTMs frequently occur in ID regions
Substrates for many PM enzymes such as kinases are ID proteins

IDPs are mainly found in eukaryotes
Eukaryotes contain far more intrinsic disorder than prokaryotes

Functional Repertoires of IDPs

14



ID Prediction of p53 by PONDR

TAD DBD TRD

Domain Structure of p53

1 393102 293

ID region ID region

15



p53 interacts with 14 different partners

DNA
53BP1

gcn5 Tetramerization domain

Set9

Cyclin A2

Sirtuin

CBP bromo domain

S100B

SV40 large T antigen
53BP2

PH

MDM2

rpa70
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PTMs frequently occur in ID regions

PTMs of p53

TAD DBD TRD

R. Kamata & K. Sakaguchi, Seikagaku, 82, 484-493 (2010)
(Partially modified)
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平成２３年１月２１日発表

PTMs frequently occur in ID regions
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核 細胞質

天然変性タンパク質（IDP）は

真核生物に多い

天然変性タンパク質（IDP）は

核内に多い

1%

99%

44%
56% 66%

34%39%

61%

ヒト 大腸菌

DNAの複製・転写・修復・組換やヒストン修飾などに関与する
核内タンパク質の多くは分子内に長大な天然変性領域をもっている

Fukuchi et al. unpublished data

Minezakiらは、膜タンパク質において天然変性領域が膜の細胞質側に

顕著に見られることを発見した。

IDPs are mainly found in eukaryotes
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MDM2

P53 peptide

One partner (p53) is disordered
& the second (E3: MDM2) is structured

IDPs as novel drug targets

Nutlin-2（ヌトリン-2）：MDM2 Antagonist
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One partner is disordered & the second is structured

Bcl-xL & BAK fragment
Small molecules were designed based on

the 20-residue helix of BAK

MDM2 & P53 fragment

IL-2 receptor α & IL-2
Small molecules were designed based on

the α-helix portion of IL-2

β-catenin & T cell factor
Binding sites of small molecules were not clear

XIAP & Smac fragment
Small molecules were designed based on

the β-strand fragment (AVPIAQKSE) of Smac

IDPs as novel drug targets
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核 細胞質

天然変性タンパク質（IDP）は

真核生物に多い

天然変性タンパク質（IDP）は

核内に多い

1%

99%

44%
56% 66%

34%39%

61%

ヒト 大腸菌

DNAの複製・転写・修復・組換やヒストン修飾などに関与する
核内タンパク質の多くは分子内に長大な天然変性領域をもっている

Fukuchi et al. unpublished data

IDPs are mainly found in eukaryotes

80% of the proteins in the human cancer-associated proteins database 
contain ID region (The Scientist 23, 47, 2009)
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IDPs and human diseases
Alzheimer disease and amy-β, tau, α-synuclein

IDPs as novel drug targets
One partner is disordered and the second is structured

IDPs as hubs in protein signaling networks
p53 regulates over 150 gene transcriptions (p21, MDM2, BAX ….)

IDPs and AS (alternative splicing)
AS region of mRNA code for ID regions
AS is likely to be involved in cell differentiation

IDPs and PTMs (post-translational modifications)
PTMs frequently occur in ID regions
Substrates for many PM enzymes such as kinases are ID proteins

IDPs are mainly found in eukaryotes
Eukaryotes contain far more intrinsic disorder than prokaryotes

Functional Repertoires of IDPs
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Biochim. Biophys. Acta, 1804, 1231-1264 (2010)

DNA

RNA

Protein Structure-Function Analysis 

タンパク質の
アミノ酸配列

タンパク質の
立体構造

タンパク質の
機能

Anfinsen のドグマ

構造生物学のセントラルドグマ

タンパク質の
アミノ酸配列 IDPs / ID regions

Unfoldsome

タンパク質の構造・機能研究の新しいパラダイム

タンパク質の
機能

Foldsome

パラダイム
シフト
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天然変性タンパク質の
分子認識機構と機能発現

研究期間：平成21年度～平成25年度

平成21年度（2009年度） 科研費

「新学術領域研究」

領域代表者：佐 藤 衛
（横浜市立大学 大学院 生命ナノシステム科学研究科）

（略称：天然変性蛋白質）

25



分子生物学グループ 構造・機能予測情報生物学グループ

動的構造解析構造生物学グループ

分子生物学、生化学、分子遺伝学的手法を用いて
核内でDNA複製・転写・組換・修復に関与する

天然変性タンパク質の機能を解明

機能解析

分子動力学的シミュレーションなどの計算科学的手法
および質・量ともに充実したデータベースを構築して

天然変性タンパク質の構造・機能を予測

X線小角散乱, 高速AFM, NMR, 質量分析で天然変性タンパク質の動的構造を決定

天然変性タンパク質の動的構造解析はX線結晶構造解析法などの
従来の手法だけでは困難で、新しい手法の開発が不可欠

分子動力学
シミュレーション

（MD）

X線小角散乱
（SAXS）

MD-SAXS法を
発展させた

新しい方法の開発

天然変性タンパク質
の原子分解能での

動的構造解析

カンチレバー

高速原子間力顕微鏡
（高速AFM）
50 msec/frame

高速AFM法を
発展させた

新しい方法の開発

天然変性タンパク質
１分子の

ナノ解像度での
動的構造解析

研究グループの研究内容
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Home Page of IDP Research Project in Japan

当領域の活動状況、シンポジウムのお知らせなどの最新
情報をメールマガジン（季刊および速報）にてお知らせ
します。下記の要領でメールアドレスを登録して下さい。
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Incident X-rays 2

Protein Solution

Circular
Averaging

q (= 4 sin /)

Detector

Low Resolution Structure
of PCNA

Small-Angle X-ray Scattering（SAXS）

I(q) 
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Detector PILATUS 100K

Energy range 3 – 30 keV

Active area 83.8 x 33.5 mm

Pixel number 512 x 256

Efficiency 100%  at 8keV   35% at 17keV

Spatial resolution 172 μm

X-ray Generator (FR-D)

Confocal Mirror

Detector
Vacuum Chamber

Sample-cell holder

Slit 3 Slit 2
Slit 1

SAXS in Yokohama City University
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Small-Angle X-ray Scattering（SAXS）

Biochemistry (Stryer et al., 5 ed.)

Most of multi-domain proteins are 
largely fluctuated in solution
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溶媒の電子密度 ρ0 

散乱因子： 3
0( ) ( ( ) ) iF e d     Q rQ r r （溶媒からのContrast）

散乱強度：
2

Ensemble

( ) ( )I Q F



Q

Q

I(Q)

二次元検出器

X-rays

回転平均
&

アンサンブル平均

Multi-domain proteins in solution

Small-Angle X-ray Scattering（SAXS）

タンパク質1012分子
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Small-Angle X-ray Scattering（SAXS）

Biochemistry (Stryer et al., 5 ed.)

Most of multi-domain proteins are 
largely fluctuated in solution

Time-averaged

No structural & functional information !
32



Develop “MD-SAXS” to analyze the dynamical structure 
of multi-domain protein in solution

MD simulation of the multi-domain protein
The initial structure is constructed from the crystal structure of each domain

The result is assessed experimentally by SAXS
33



1 ps

・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・
1 ps

1 ps 1 ps

MD Simulation (ex.150 ns)

Calculation of I(q) from each snap-shot structure

Principle of MD-SAXS

Construction of Initial Atomic Structure 

Each domain structure: Crystallographic analysis
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R

Solvent 
molecules

Protein

Solvent
molecules

ph bi bi ph bi bi

bi  :  Region for water molecules not perturbed by protein
ph :  Region for protein and hydration water molecules

Calculation of I(q) from Each Snap Shot Structure

: IW(Q): I(Q) Pure SolventProtein Solution

= 0     for R >> Region: biExpansion of Debye formula
by spherical harmonics

Oroguchi et al. Biophys. J. 96, 2808-2822 (2009)
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1 ps

・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・
1 ps

1 ps 1 ps

I(q)

qq q q

I(q)・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

MD Simulation (ex.150 ns)

Calculation of I(q) from each snap-shot structure

Average the I(q) data-sets: I(q)MD-SAXS

Inconsistent

Consistent
Each snap-shot structure is

the dynamical structure of the protein

Construction of Initial Atomic Structure 

Principle of MD-SAXS

Each domain structure: Crystallographic analysis

Compare I(q)MD-SAXS with I(q)EX

I(q
)

q (Å-1)

I(q)MD-SAXS

I(q)EX
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EcoO109I EcoO109I（WT）-DNA

90° 90°

EcoO109I（D77A）-DNA

90°

EcoO109I  consists of 272 residues (Mr 31,000) and exists as a dimer in solution

Hashimoto et al. J. Biol. Chem. 280, 5605-5610 (2005)

Example 1: Restriction Endonuclease, EcoO109I
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1 ps

・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・
1 ps

1 ps 1 ps

I(q)

qq q q

I(q)・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

MD Simulation (ex.150 ns)

Calculation of I(q) from each snap-shot structure

Average the I(q) data-sets: I(q)MD-SAXS

Consistent
Each snap-shot structure is

the dynamical structure of the protein

Construction of Initial Atomic Structure 

Principle of MD-SAXS

Compare I(q)MD-SAXS with I(q)EX

Lo
g 

I(q
)

q (Å-1)

I(q)MD-SAXS

I(q)EX
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Time (ns)
0 50 100 150

Rg
(Å

)

・Structure (Rg) is fluctuated with a cycle of about 100 ns
・Hydration shell width is about 2 Å

Rg as a Function of Simulation Time

26

27

28

29 Protein + Hydration water

Protein only
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・Structure (Distance) is fluctuated with a cycle of about 100 ns
・ds-DNA can enter within EcoO109I during about 100 ns

Distance

D
is

ta
nc

e
(Å

)

Time (ns)
0 50 100 150

ds-DNA

ds-DNA

Distance as a Function of Simulation Time
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Principal Component Analysis 
Co

nt
rib

ut
io

n

No. of Principal Components

Motion of EcoO109I can be described
by the two principal components

Subunit BSubunit A

Motion between Subunit A and Subunit B

The first principal component: open-close motion The second principal component: twisting motion

Oroguchi et al. Biophys. J.  96, 2808-2822 (2009)
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Open-close Motion

Twisting Motion

Motion between Subunit A and Subunit B

90

ds-DNA

Population-Shift Model
Monod et al. J. Mol. Biol. (1965)
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1 ps

・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・
1 ps

1 ps 1 ps

I(q)

qq q q

I(q)・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

MD Simulation (ex.150 ns)

Calculation of I(q) from each snap-shot structure

Average the I(q) data-sets: I(q)MD-SAXS

Inconsistent

Consistent
Each snap-shot structure is

the dynamical structure of the protein

Construction of Initial Atomic Structure 

Principle of MD-SAXS

Each domain structure: Crystallographic analysis

Compare I(q)MD-SAXS with I(q)EX

I(q
)

q (Å-1)

I(q)MD-SAXS

I(q)EX
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C-terminal
domain

N-terminal 
domain

ATP-free Inactive Form ATP-free Active Form ATP-bound Active Form

ATPKato et. al. J. Biol. Chem. 282,
37618-37623 (2007) 

ATP

Example 2: ε subunit of thermophilic F1-ATPase

Yagi et. al. Proc. Nat. Acad. Sci. USA,
104, 11233-11238 (2007) 

C-terminal
domain
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Inconsistent
Crystal structure of

ATP-free Active ε subunit

q (Å-1)
0 0.05 0.1 0.15

lo
g(

I(q
)/

I(0
)) I(q)MD-SAXS

I(q)EX

Construction of Initial Atomic Structure 

Compare I(q)MD-SAXS with I(q)EX

1 ps

・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・
1 ps

1 ps 1 ps

I(q)

qq q q

I(q)・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・・

MD Simulation (ex.150 ns)

Calculation of I(q) from each snap-shot structure

Average the I(q) data-sets: I(q)MD-SAXS

MD-SAXS of  ε subunit of F1-ATPase

45



Inconsistent

q (Å-1)
0 0.05 0.1 0.15

lo
g(

I(q
)/

I(0
)) I(q)MD-SAXS

I(q)EX

MD-SAXS of  ε subunit of F1-ATPase

Construction of Initial Atomic Structure 

Compare I(q)MD-SAXS with I(q)EX

1 ps

・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・
1 ps

1 ps 1 ps

I(q)

qq q q

I(q)・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・・

MD Simulation (ex.150 ns)

Calculation of I(q) from each snap-shot structure

Average the I(q) data-sets: I(q)MD-SAXS

Predicted structure of ATP-free inactive ε subunit
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Predicted structure of
ATP-free Inactive ε subunit

Crystal structure of
ATP-free active ε subunit

Reconstruction of Initial Atomic Structure

d1 

d2

CTD

NTD
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20 40 6030 50 70

d1 

d2

CTD

NTD
d2

 (Å
)

10

20

30

40

Each of d1 & d2 was changed at an interval of 5 Å
(total 41 initial atomic structures), and MD simulation 
was carried out using each initial atomic structure.

Reconstruction of Initial Atomic Structures

Compare I(q)MD-SAXS with I(q)EX

Summation of I(q) calculated at
each (d1, d2) point: I(q)MD-SAXS

Calculation of I(q) at
each (d1, d2) point

within the circle

d1 (Å)
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2

d1 (Å)
20 30 40 50 60 70

10

20

30

40

d2
 (Å

)
0

1

2

lo
g(

I(q
)/

I(0
))

q (Å-1)
0 0.05 0.1 0.15

d1= 40 Å, d2= 20 Å

d1= 70 Å, d2= 40 Å

lo
g(

I(q
)/

I(0
))

q (Å-1)
0 0.05 0.1 0.15

Predicted structure of
ATP-free Inactive form

lo
g(

I(q
)/

I(0
))

q (Å-1)
0 0.05 0.1 0.15

d1= 20 Å, d2= 10 Å

Crystal structure of
ATP-free active form

Comparison of I(q)MD-SAXS with I(q)EX
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is not

ATP-free ε subunit structure in solution
lo

g(
I(q

)/
I(0

))

q (Å-1)
0 0.05 0.1 0.15

Crystal structure of
ATP-free active form

lo
g(

I(q
)/

I(0
))

q (Å-1)
0 0.05 0.1 0.15

Predicted structure of
ATP-free Inactive form

lo
g(

I(q
)/

I(0
))

q (Å-1)
0 0.05 0.1 0.15

d1= 40 Å, d2= 20 Å

but, fluctuates around

C-terminal
domain

Yagi et. al. Proc. Nat. Acad. Sci. USA,
104, 11233-11238 (2007) 
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Construction of Initial Atomic Structure 

ID Region

1 ps

・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・
1 ps

1 ps 1 ps

I(q)

qq q q

I(q)・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・・

MD Simulation (ex.150 ns)

Calculation of I(q) from each snap-shot structure

Average the I(q) data-sets: I(q)MD-SAXS

Inconsistent

Consistent
Each snap-shot structure is

the dynamical structure of the protein

Compare I(q)MD-SAXS with I(q)EX

I(q
)

q (Å-1)

I(q)MD-SAXS

I(q)EX

0.0 0.1 0.2

MD-SAXS of Multi-Domain Protein with ID Region
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Construction of Initial Atomic Structure 

Structure

En
er

gy

ID regions exist as dynamic ensembles and exhibit extremely temporal fluctuations,
therefore extending the MD-SAXS method to characterize IDPs (Extended MD-SAXS)  
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ID Region:
is constructed using data-base of dihedral angles 

for each amino acid residue
based on high resolution loop structures in PDB

Ex. Glycine

Bernado et. al. J. Am. Chem. Soc. 129, 5656-5664 (2007) 

Construction of ID Region in Extended MD-SAXS
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Constructed
ID region structures

Constructed
whole structures

+ RDC Data in NMR

Construction of Whole Structure
in Extended MD-SAXS
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Description of 
the whole structure by

the collective coordinate

Relative position
between the two domains

Solvent accessible surface area
(SASA)

Constructed
whole structures

Description of the Whole Structure
in Extended MD-SAXS
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SASA (Å2)

Re
la

ti
ve

 p
os

it
io

n

●: One Structure

Initial Models of Structural Ensemble
in Extended MD-SAXS
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SASA (Å2)

Re
la

ti
ve

 p
os

it
io

n

The number of structures belonging 
to each structural sub-group

Classification of the Structural Ensemble
into Sub-Groups
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SASA (Å2)

Re
la

ti
ve

 p
os

it
io

n

I(q)MD-SAXS

Calculation of I(q)MD-SAXS for Each Sub-group

I(q)MD-SAXS

I(q)MD-SAXS

I(q)MD-SAXS

I(q)MD-SAXS

q (Å-1)

lo
g(

I(
q)

/I
(0

))

q (Å-1)

lo
g(

I(
q)

/I
(0

))

q (Å-1)

lo
g(

I(
q)

/I
(0

))

q (Å-1)

lo
g(

I(
q)

/I
(0

))

q (Å-1)

lo
g(

I(
q)

/I
(0

))

The number of structures belonging 
to each structural sub-group
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SASA (Å2)

Re
la

ti
ve

 p
os

it
io

n

Average I(q)MD-SAXS & Compare with I(q)EX

The number of structures belonging 
to each structural sub-group

I(q)MD-SAXS

I(q)MD-SAXS

I(q)MD-SAXS

I(q)MD-SAXS

I(q)MD-SAXS

q (Å-1)

lo
g(

I(
q)

/I
(0

))

q (Å-1)

lo
g(

I(
q)

/I
(0
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