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Intrinsically Disordered Protein: IDP

Domain 1 Domain 2

Cantilever

5 . Iv/
omain Domain 2

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

ica

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
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Intrinsically Disordered Protein: IDP

Domain 1 Domain 2




X-ray Scattering from Single |IDP

X-FEL (10 fs)
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Small-Angle X-ray Scattering (SAXS)

Multi-domain proteins in solution
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No. of PubMed hits dealing with IDPs
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600 - IDP

400 -
What happened ?

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



§ P. Wright et al. Cell 91, 741-752 (1997)
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Intrinsically Disordered Protein: IDP

! “J.

P DFN—A CBP (Proc. Natl. Acad. Sci. USA 2002)
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(IDP)

Asparagine Hydroxylase (J. Biol. Chem. 2003)
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A Recent Review Article on IDP
Biochim. Biophys. Acta, 1804, 1231-1264 (2010)

Biochimica et Biophysica Acta Proteomics

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/bbapap

Review
Understanding protein non-folding
Vladimir N. Uversky ***, A. Keith Dunker ?

4 Institute for Intrinsically Disordered Protein Research, Center for Computational Biology and Bioinformatics, Department of Biochemistry and Molecular Biology,
Indiana University School of Medicine, Indianapolis, IN 46202, USA
b Institute for Biological Instrumentation, Russian Academy of Sciences, 142290 Pushchino, Moscow Region, Russia

ARTICLE INFO ABSTRACT
Article history: This review describes the family of intrinsically disordered proteins, members of which fail to form rigid 3-D
Received 21 November 2009 structures under physiological conditions, either along their entire lengths or only in localized regions.

Received in revised form 9 January 2010
Accepted 21 January 2010
Available online 1 February 2010

Instead, these intriguing proteins/regions exist as dynamic ensembles within which atom positions and
backbone Ramachandran angles exhibit extreme temporal fluctuations without specific equilibrium values.
Many of these intrinsically disordered proteins are known to carry out important biological functions which,
in fact, depend on the absence of a specific 3-D structure. The existence of such proteins does not fit the

Keywortds: 2t 3 3 = i x 2 |

Intrinsically disordered protein prevailing structure-function paradigm, which states that a unique 3-D structure is a prerequisite to
Disorder prediction function. Thus, the protein structure-function paradigm has to be expanded to include intrinsically dis-
Partially folded protein ordered proteins and alternative relationships among protein sequence, structure, and function. This shift in

the paradigm represents a major breakthrough for biochemistry, biophysics and molecular biology, as it
opens new levels of understanding with regard to the complex life of proteins. This review will try to answer
the following questions: how were intrinsically disordered proteins discovered? Why don't these proteins
fold? What is so special about intrinsic disorder? What are the functional advantages of disordered proteins/
regions? What is the functional repertoire of these proteins? What are the relationships between
intrinsically disordered proteins and human diseases?

© 2010 Elsevier B.V. All rights reserved.
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Gordon Research Conference on IDP

& Gordon Ressarch Conferences - 2010 Program (Intrinsically Disordered Proteins) - Windows Internet Explorer
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Chairs:

Vladimir Uversky & A. Keith Dunker
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Vice Chairs:

Rohit V. Pappu & Peter Tompa

Recent studies revealed that functional proteins without unigue 3-D structures are highly abundant in nature. These intrinsically
disordered proteins (IDPs) possess a number of crucial biological functions that are complementary to functions of structured
(ordered) proteins. In any given organism, IDPs constitute a functionally broad and densely populated unfoldome; ie., a set of
unstructured proteins in a proteome. Being structurally and functionally very different from ordered proteins, IDPs require special
experimental and computational tools for their identification and analyses. These specific investigative approaches underlie
unfoldomics.

IDPs are commaon across the three domains of life, being especially abundant in the eukaryotic proteomes. Signaling
sequences and sites of posttranslational modifications are located within regions of intrinsic disorder. Disorder-to-order
transitions in an IDP are coupled with the adoption of different structures in complexes with different partners. The intrinsic
flexibility of IDPs helps different disordered regions to bind to a common binding site on a common partner. This binding diversity
plays important roles in both protein-protein interaction networks and likely also in gene regulation networks. Such disorder-
based signaling is further modulated in multicellular eukaryotes by alternative splicing, for which splicing events map to regions
of disorder much maore often than to regions of structure. The combination of disorder and alternative splicing is proposed to
provide a mechanism for easily "trying out” different signaling pathways, thereby providing the mechanism for generating
signaling diversity and enabling the evolution of cell differentiation and multicellularity. Finally, several small molecules-potential
drugs have been shown to act by blocking protein-protein interactions invalving intrinsic disorder of one of the partners.

m

13



Functional Repertoires of IDPs

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

IDPs and PTMs (post-translational modifications)
PTMs frequently occur in ID regions
Substrates for many PM enzymes such as kinases are ID proteins
IDPs and AS (alternative splicing)
AS region of mRNA code for ID regions
AS is likely to be involved in cell differentiation
IDPs are mainly found in eukaryotes
Eukaryotes contain far more intrinsic disorder than prokaryotes

IDPs and human diseases
Alzheimer disease and amy-8, tau, a-synuclein

IDPs as novel drug targets
One partner is disordered and the second is structured
Both partners lacks fixed structures
D?-concept: disorder in disorders
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Domain Structure of p53
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p53 interacts with 14 different partners

=4
n
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PTMs frequently occur in ID regions

PTMs of p53

3?6 37?
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N N 381 382

M Ac Ac
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M AFILiE Ub 1ExXF21b

R. Kamata & K. Sakaguchi, Seikagaku, 82, 484-493 (2010)

(Partially modified)
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PTMs frequently occur in ID regions
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IDPs are mainly found in eukaryotes
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Fukuchi et al. unpublished data
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IDPs as novel drug targets

One partner (p53) is disordered
& the second (E3: MDM_2) is structured

Leu 26

Trp 23

Nutl i n-2 ) 0 T T T T 0 T T T T T T T T T
1 51 101 151 201 251 301 351
Residue Number

Nutlin-2(Xk')>-2) :MDM2 Antagonist
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IDPs as novel drug targets

One partner is disordered & the second is structured
Bcl-xL & BAK fragment

Small molecules were designed based on
the 20-residue helix of BAK

IL-2 receptor o & IL-2

Small molecules were designed based on
the a-helix portion of IL-2

. XIAP & Smac fragment
B-catenin & T cell factor :
. ) Small molecules were designed based on
Binding sites of small molecules were not clear the B-strand fragment (AVPIAQKSE) of Smac
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IDPs are mainly found in eukaryotes
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80% of the proteins in the human cancer-associated proteins database
contain ID region (The Scientist 23, 47, 2009)



Functional Repertoires of IDPs

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

IDPs and PTMs (post-translational modifications)

PTMs frequently occur in ID regions
Substrates for many PM enzymes such as kinases are ID proteins

IDPs and AS (alternative splicing)

AS region of mRNA code for ID regions
AS is likely to be involved in cell differentiation

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

IDPs and human diseases
Alzheimer disease and amy-8, tau, a-synuclein

IDPs as novel drug targets
One partner is disordered and the second is structured
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Home Page of IDP Research Project in Japan
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Small-Angle X-ray Scattering (SAXS)

Incident X-rays

I(q)

Low Resolution Structure
of PCNA

Detector

’oam..
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Circular
Averaging
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SAXS in Yokohama City University

i Sample-cell holder

T e

’ k=
3
—
.-

Confocal Mirror K&

X-ray Generator (FR-D
Detector PILATUS 100K
Energy range 3—-30keV
Active area 83.8x33.5 mm
Pixel number 512 x 256
Efficiency 100% at 8keV 35% at 17keV
Spatial resolution 172 um
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Small-Angle X-ray Scattering (SAXS)

Most of multi-domain proteins are
largely fluctuated in solution
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Small-Angle X-ray Scattering (SAXS)

Multi-domain proteins in solution
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Small-Angle X-ray Scattering (SAXS)

Most of multi-domain proteins are
largely fluctuated in solution

No structural & functional information !
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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

v

The result is assessed experimentally by SAXS
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Principle of MD-SAXS

Construction of Initial Atomic Structure

Each domain structure: Crystallographic analysis

Y

MD Simulation (ex.150 ns)
1ps ]

1 ps

Lo

L 2ps | o
} }

Calculation of I(g) from each snap-shot structure
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Calculation of I(q) from Each Snap Shot Structure

Protein Solution : 1(Q) Pure Solvent : |W(Q)

0 00085200
O S S e p—
oehel®) o .
O 00 .0 O O O Solvent

molecules

ph : Region for protein and hydration water molecules

bi : Region for water molecules not perturbed by protein

[(Q)) N !W ( Q)) - ‘ﬁ‘]rjh.ph (Q)) T ﬁkIph.hl (Q)) N Q‘Irph_hn( Q}) T ﬁu(hj.hi ( Q)) T Mhi.hn ( Q)) T Mlm.tm(Q)

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

Oroguchi et al. Biophys. J. 96, 2808-2822 (2009)
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Principle of MD-SAXS

Construction of Initial Atomic Structure (:___I

Each domain structure: Crystallographic analysis

MD Simulation (ex.150 ns)
1ps ]

e I V70
Voo }
Calculation of I(g) from each snap-shot structure
oo }
Al \
I(q) "‘\ —A\i T ............... “(q) ;;A\z
\”’\ .\‘\. “~ g
aq q q
N %
N

Average the I(q) data-sets: 1(q)p.saxs |:>

Inconsistent

Consistent
Each snap-shot structure is
the dynamical structure of the protein

I(q)

)

1(a)vip-saxs

1(q)ex

T T IIIIIII

g (A?)

Compare 1(q)yp.saxs With 1(q)



Example 1: Restriction Endonuclease, EcoO109I

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

Eco0109! Eco0109! (WT)-DNA Eco0109! (D77A)-DNA

Hashimoto et al. J. Biol. Chem. 280, 5605-5610 (2005)
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Principle of MD-SAXS

MD Simulation (ex.150 ns)
1ps ]

s BT
o l

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

ol |

Al \ L \
e e N 1(a) |-
S S A T
\ kS o A
- . - -

Average the I(q) data-sets: 1(q)p.saxs :i)

Consistent
Each snap-shot structure is
the dynamical structure of the protein

Log I(q)

Compare 1(q)yp.saxs With 1(q)
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Rg as a Function of Simulation Time

29+

28
<
&

27 - Protein only

26
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0 50 _. 100 150
Time (ns)

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




Distance as a Function of Simulation Time

3JYp—mr— ™ ———————

N
(=]

Distance (A)

10

Time (ns)

- Structure (Distance) is fluctuated with a cycle of about 100 ns
* ds-DNA can enter within EcoO109! during about 100 ns
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Motion between Subunit A and

Principal Component Analysis

0.3 T T T
'mode_contribution.txt’ ——

0.2

| Motion of EcoO109I can be described |
by the two principal components

Contribution

I

0.05

I I I 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

No. of Principal Components

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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Motion between Subunit A and

I W A #
Open-close Motion [ Eagiras L
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Population-Shift Model

Monod et al. J. Mol. Biol. (1965)
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Principle of MD-SAXS

Construction of Initial Atomic Structure

Each domain structure: Crystallographic analysis

Y

MD Simulation (ex.150 ns)
1ps ]

e T R
Voo }
Calculation of I(g) from each snap-shot structure
oo }
1\ \ \ \
I(q) J\\ —A\i ‘*,—\ ............... 1(q) ’/\\
\\ L ""\ "\\_
q q q
N "
N

Average the I(q) data-sets: 1(q)p-saxs

Inconsistent

Consistent
Each snap-shot structure is
the dynamical structure of the protein

I(q)

)

1(a)vip-saxs
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T T IIIIIII
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Compare 1(q)yp.saxs With 1(q)



Example 2: € subunit of thermophilic F1-ATPase

o

f r

C-terminal > o C-terminal
ATP domain < :»x i domain
N-terminal Yagi et. al. Proc. Nat. Acad. Sci. USA,
domain 104, 11233-11238 (2007)

Kato et. al. J. Biol. Chem. 282, §
37618-37623(2007) ‘

ATP-free Active Form ATP-bound Active Form

ATP-free Inactive Form
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MD-SAXS of € subunit of F1-ATPase

Construction of Initial Atomic Structure

Crystal structure of
ATP-free Active € subunit

MD Simulation (ex.150 ns)
1ps ]

e ]
Voo }
Calculation of I(g) from each snap-shot structure
oo }
Al \
I(q) é’-"'\ —A\— \T ................ I(q) ;V\\.,
\”’\ .\‘\. “~ g
aq q q
N %
N

log(1(q)/1(0))

Average the I(q) data-sets: 1(q),p.saxs |:>

Inconsistent

0 0.05 0.1 0.15
q(A?)

Compare 1(q)yp.saxs With 1(q)
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MD-SAXS of € subunit of F1-ATPase

Construction of Initial Atomic Structure < u

Inconsistent

Predicted structure of ATP-free inactive € subunit

@

MD Simulation (ex.150 ns)
1ps ]
e T R
b 1 S
Calculation of I(g) from each snap-shot structure &
o | 5
A A \
I(q) in,\ —A\i SRR T I(q) ;V\'\-.,
NN ~ ——————————r———r——r—
\q q q q/ 0 0.05 0.1 0.15
\/ q(A-l)
Average the I(q) data-sets: 1(q)\p.saxs :> Compare 1(q)yp.saxs With 1(q)
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Reconstruction of Initial Atomic Structure

CTD

NTD

Crystal structure of
ATP-free active € subunit

Predicted structure of
ATP-free Inactive € subunit
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Reconstruction of Initial Atomic Structures

40 - S hev Ny Ew
Crb » % G@ﬁ
<30 LA IR AF 2%
al % M % @ Calculation of I(q) at
20 - . » & each (d1, d2) point
o within the circle
NTD Lk S O
10 T . M, - o W l
| ' | ' | T T r ' r ' '
20 30 40 Summation of I(q) calculated at
d1(A) each (d1, d2) point: I(q),p.saxs
Each of d1 & d2 was changed at an interval of 5 A l

(total 41 initial atomic structures), and MD simulation

was carried out using each initial atomic structure. Compare 1(q)yp.saxs With 1(G) .
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Comparison of 1(q)p.saxs With 1(q) -,

Predicted structure of
ATP-free Inactive form

40 - d1=70A4, d2=40 A
Crystal structure of 7
ATP-free active form = 30 -
I

d1=20A4, d2=10A S 2
20 —

1
10 -

NN 0

60 70

/ di (A)

d1=40 A, d2=20 A

S =
N g ~
g S S
= S S
3 S G
: S =
0 0.05 0.1 0.15 : - i g

) q(/i"l) ] 0 0.05 01 0.15 = 0 005 0.1 0-15'
q(A”) R

q(A?)
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ATP-free € subunit structure in solution

Crystal structure of Predicted structure of

ATP-free active form b U t, fl uctuates aroun d ATP-free Inactive form

d1=40A, d2=20 A

Iog(l(q)/_l(O)) |

0.05 0.1 0.15

0
~ q(A?)
=
¢
N
E .
2 .
0 005 01 0.15 ;' _
q(A?) C—term/{‘ia/ e
domain a

log(l(q)/1(0))

0 005 01 0.15

Yagi et. al. Proc. Nat. Acad. Sci. USA, q (A

104, 11233-11238 (2007)




MD-SAXS of Multi-Domain Protein with ID Region

Construction of Initial Atomic Structure (:__—I

H“t ID Region \*«-? ‘\';\

MD Simulation (ex.150 ns)
1ps ]

e I V70
Voo }
Calculation of I(g) from each snap-shot structure
oo }
Al \
I(q) é’-"'\ —A\— \T ................ I(q) ;V\\.,
\”’\ .\‘\. “~ g
aq q q
N %
N

Average the I(q) data-sets: 1(q)p-saxs

Inconsistent

Consistent
Each snap-shot structure is
the dynamical structure of the protein

)

1(a)vip-saxs

I(q)

0.0 0.1 0.2

Compare 1(q)yp.saxs With 1(q)
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Construction of Initial Atomic Structure

Energy

\’ 2 2 \

Structure

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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Construction of ID Region in Extended MD-SAXS

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

.- \ID Region:
\ is constructed using data-base of dihedral angles
! for each amino acid residue

based on high resolution loop structures in PDB
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Construction of Whole Structure

in Extended MD-SAXS

Constructed Constructed
ID region structures whole structures

RS

+ RDC Data in NMR

54



Description of the Whole Structure

in Extended MD-SAXS

Constructed Description of
whole structures the whole structure by
the collective coordinate

Solvent accessible surface area
(SASA)

Relative position
between the two domains
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Initial Models of Structural Ensemble
in Extended MD-SAXS

LS

B

SASA (A2)

ive posi

®: One Structure

)
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Classification of the Structural Ensemble
into Sub-Groups

A
c
V\g\
‘v
o
Q.
v -
2| A3
‘ﬁ. ‘ L ':F
Q ..
o

SASA (A2)

The number of structures belonging
to each structural sub-group

57



Calculation of 1(q),,p.saxs fOr Each Sub-group

1(a)vip-saxs

1(a)vip-saxs

log(1(q)/1(0))

log(1(q)/1(0))

Q) rp-saxs q (A7)

log(1(q)/1(0))

q (A7)

1(a)vip-saxs

ve posiyléx
>

log(1(q)/1(0))
RquZi

1(a)vp-saxs

q (A7)

7,
>
7,
>
o
L]
log(l(q)/1(0)

q (A7)

m The number of structures belonging
to each structural sub-group




Average 1(q),,p.saxs & Compare with 1(q).,

1(a)vp-saxs

(@) rp-saxs
§ (@) rp-saxs
X ~
= D
3 3
(@) ap-saxs q (A1) 5
g
S
S
3 A
q (A7)
c
V\g\
8
(@) ap-saxs %
S 2
N —f-
= ©
3 z s
q (A7) g
g
Refinement Parameter

Him-
I L g

The number of structures belonging
to each structural sub-group

q (A7)

log(I(q)/1(0))

Averaged

1(a)vp-saxs

q (A?)
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Refinement of Structural Ensemble

1(a)vip-saxs

1(a)vp-saxs

§ (@) mip-saxs
X ~
S D
3 S
2 G
(@) ap-saxs q (A1) 5
S
<
S
g
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(@) mip-saxs
S
N
S
g g
3
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I L g

The number of structures belonging
to each structural sub-group

q (A7)

log(I(q)/1(0))

log(I(q)/1(0))

Averaged
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q (A?)

§
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1(a)vp-saxs

q (A?)
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Structures (Ensemble) of IDP in Solution

1(a)vip-saxs

1(a)vip-saxs

log(1(q)/1(0))
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§
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