
Analysis of interaction sites of curcumin with the fibrils of 42-residue 
amyloid -protein (A 42) using solid-state NMR 

Yuichi Masuda1, Masashi Fukuchi1,Tatsuya Yatagawa1, Kazuyuki Takeda1, Kazuhiro Irie2,
and K. Takegoshi1

1Graduate School of Science, Kyoto University, Japan. 2Graduate School of Agriculture, 
Kyoto University, Japan. 

Aggregation of 42-residue amyloid-  protein (A 42) plays a crucial role in the pathogenesis 
of Alzheimer’s disease.  Since curcumin, the yellow pigment in the rhizome of turmeric, 
interacts with the aggregates (fibrils) of A 42 and dissolve them, interaction sites of curcumin 
in the A 42 fibrils were analyzed by solid-state NMR using dipolar-assisted rotational 
resonance (DARR).  To improve the quality of 2D spectrum, covariance processing was 
applied to the 2D data.  Our present data indicated that curcumin has a greater tendency to 
interact with -sheet at positions 17-21 of the A 42 fibrils than random coil at N-terminus.  
Moreover, the importance of methoxy and hydroxyl groups of curcumin for its interaction 
with the A 42 fibrils was also suggested. 

42  (A 42)
A 42

1) A 42
NMR

NMR 4 -
A 42  (Fig. 1)2)

-
-

Leu-17 ~ Ala-21 13C A 42
13C

DARR 

Fig. 1. The aggregation model of
A 42.2) Dotted lines show
intermolecular -sheet.

35

40

32 37

15

24

42

1
21

YP1

－106－



- NMR
N 13C A 42

A
A 42

 (Fig. 2)
13C A 42 37ºC 48 h

 ( ) 13C 5
1 h

CP/MAS 100 ~ 150 ppm
13C  (Fig. 3) 13C CP

A 42
0.25  (5 )

13C-13C - 13C -1H dipolar-assisted 
rotational resonance (DARR)3) DARR Fig. 4 MAS

O O
H3CO

HO

OCH3

OH

4

17
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA21 421

* : labeled with 13C

A 42 (17-21 label): 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIAA 42 (N-terminal label): 

Curcumin (13C6-ring): 

9 122 4

Fig. 2. Selective labeling of A 42 and curcumin with 13C. Labeling scheme in the A 42 sequence: bold
letter, uniformly labeled with 13C; underlined letter, only C is labeled with 13C. Curcumin was
labeled at its aromatic carbons with 13C.
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Fig. 3. 1D 13C CP/MAS spectra of the curcumin 13C6-ring)-bound A 42 (17-21 label) fibrils (A) and
the curcumin 13C6-ring)-bound A 42 (N-terminal label) fibrils (B).
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Fig. 5. 2D FT DARR spectra of the curcumin 13C6-ring)-bound A 42 (17-21 label) fibrils.  (A) and (B) are
the same spectra, but the lower limit of the shown spectra are 3% (A) and 1% (B) of the highest peak. 
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Fig. 6. 2D covariance-processed DARR spectra of the curcumin 13C6-ring)-bound A 42 (17-21 label) fibrils
(A and C) and the curcumin 13C6-ring)-bound A 42 (N-terminal label) fibrils (B and D).  Spectra C and
D are enlarged displays of the spectra framed by dotted line in spectra A and B, respectively. 
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   SWAP-70 acts as GEF in the signal transduction pathway at the plasma membrane surface 

and as a component of Ig class switching complex in the nucleus. The localizations of 

SWAP-70 to the plasma membrane and the nucleus are dominated by PI(3,4,5)P3 specific 

binding site and a nuclear localization signal sequence, respectively, both of witch are located 

in the PH domain. In this study, we investigated a structural alteration of SWAP-70 PH 

domain induced at the membrane surface by using solid-state NMR. The 13C NMR spectra of 

the membrane associated SWAP-70 PH domain revealed that a conformational transition of 

the C-terminal α-helix to a random coil like structure and a structural alteration of the β-

sandwich occur at the membrane surface. The conformational alteration would expose NLS 

involved in the C-terminal α-helix to water and facilitate recognition by Importin-α.
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Fig. 1. The  three-dimensional model structure  (PDB#
2DN6) (A) and the  primary and the  secondary 
structures (B) of SWAP-70 PH domain in solution. 
Positions of Ala and Val residues are shown in (B).
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← Fig. 2. 13C NMR spectra of 
[3-13C]Ala-labeled SWAP-70 
PH domain. unliganded PH 
domain in solution (A), PH 
domain forming complex with 
Ins(1,3,4,5)P4 in solution (B), 
DD-MAS (C) and CP-MAS (D) 
13C NMR spectra of PH 
domain bound to PI(3,4,5)P3

embedded in POPC/PI(3,4,5)
P3 vesicles.

→ Fig. 3. 13C NMR spectra of 
[1-13C]Val-labeled SWAP-70 
PH domain. unliganded PH 
domain in solution (A), PH 
domain forming complex with 
Ins(1,3,4,5)P4 in solution (B), 
DD-MAS (C) and CP-MAS (D) 
13C NMR spectra of PH 
domain bound to PI(3,4,5)P3

embedded in Di-O-DMPC/PI
(3,4,5)P3 vesicles.
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Fig. 4. Effect of MgCl2 on  the solid-state 13C
NMR spectra of the [3-13C]Ala-labeled and 
[1-13C]Val-labeled SWAP-70 PH domain 
bound to PI(3,4,5)P3 in vesicles.
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Structural analysis and refinement of aggregation structure in organic 
molecules by the combined use of solid-state NMR spectroscopy and 
gauge-including projector augmented-wave (GIPAW) calculations 
�Furitsu Suzuki and Hironori Kaji 
Institute for Chemical Research, Kyoto University, Uji, Japan.  
�

 The structure refinement for the crystals of tris(8-hydroxyquinoline) aluminum(III) in the δ
form (δ-Alq3) was carried out through the combined use of solid-state NMR spectroscopy and 
the gauge-including projector augmented-wave (GIPAW) method. Although it was difficult to 
distinguish two previously proposed structures by X-ray powder diffraction measurements, 
they were clearly distinguished by the isotropic chemical shifts calculated by GIPAW method.  
However, neither structure could reproduce the experimental chemical shifts. Therefore, we 
carried out geometry optimization under the periodic boundary condition for all the atoms of 
the crystal structure proposed by X-ray diffraction experiments, and calculated chemical shifts 
for the optimized structure. The calculated chemical shifts well reproduced the experimental 
result. From the study, we found that the combined use of these methods can be a powerful 
method for the structure refinement of organic aggregates, which cannot be accessed by the 
conventional X-ray diffraction analysis. 
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Fig. 2. Calculated X-ray profiles for crystal 

structures of δ-Alq3; (a) proposed by Cölle et 

al., (b) proposed by Rajeswaran, et al., and (c) 

after the optimization of all the atomic 

coordinates for the Cölle’s structure. 

Fig. 1. The structure of facial-Alq3. 
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Fig. 3. Experimental CP/MAS 13C NMR spectra 

of (a) γ-Alq3 and (b) δ-Alq3.  See Fig. 1 for the 

assignments of resonance lines. 

Fig. 4. NMR isotropic chemical shifts calculated 

from the crystal structures of (a) δ-Alq3 proposed 

by Cölle et al., (b) that by Rajeswaran et al., and 

(c) that after the optimization of all the atomic 

coordinates for the Cölle’s structure. 
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Fig. 5. Comparison of experimental and calculated isotropic chemical shifts of δ-Alq3 crystals.  

For the chemical shift calculations, the structures proposed by Cölle et al. and by Rajeswaran et al. 

are used in (a) and (b), respectively.  In (c), all the atomic coordinates are optimized for the 

Cölle’s structure.  Error bars indicate the line widths of respective experimental resonance lines.

Fig. 6. Crystal structures of δ-Alq3.  Grey 

lines show the structure proposed by Cölle 

et al.  Black lines show the structure after 

the optimization of all the atomic 

coordinates for the Cölle’s structure.
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NMR ppR-pHtrII
Tyr174

Analysis of local dynamical and structural change at Tyr174 of
photoreceptor protein ppR-pHtrII complex in relation to the negative
phototaxis by in situ photo-irradiated solid-state NMR

Tetsurou Hidaka1, Yuya Tomonaga1, Izuru Kawamura1, Akimori Wada2, Yuki Sudo3,
Naoki Kamo4, Akira Naito1

1Graduate School of Engineering, Yokohama National University, Yokohama, Japan.  
2College of Pharmaceutical Sciences, Kobe Pharmaceutical University, Hyogo, Japan.
3Division of Biological Science, Graduate School of Science, Nagoya University, Nagoya,
Japan. 4College of Pharmaceutical Sciences, Matsuyama University, Matsuyama, Japan.

Pharaonis phoborhodopsin (ppR) functions as a negative phototaxis receptor in
N.pharaonis. ppR forms a complex with pHtrII, and this complex transmits the photosignal 
into cytoplasm. However, initial step of the signal transduction mechanism induced by the 
retinal photoisomerization of ppR, has not yet well understood. In this study, we focused on
the property at Tyr174 of F-helix in ppR and investigated dynamic structure of [1-13C]Tyr-,
[15N]Pro-ppR and ppR/pHtrII complex in the dark and light states by means of in situ
photo-irradiated solid state NMR. We observed that dynamics and/or conformation of Tyr174 
moiety significantly changed to a more flexible state when ppR changed to the M
intermediate. Furthermore, it was observed that a local rather than overall structure of ppR
was changed in the M intermediate.

NMR In situ
NMR ”

pharaonis phoborhodopsin (ppR or SRII: Sensory Rhodopsin II)

ppR N.pharaonis 7
ppR pHtrII (pharaonis Halobacterial

in situ - NMR, ,
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transducer II) 2:2 DNA

ppR
pHtrII

ppR
ppR F helix

NMR In situ
in situ NMR

T204A ppR[1,2] ppR
F-helix in situ

NMR Tyr174
M ppR

ppR -His tag pHtrII-His tag
M9 BL21(DE3) [15, 20-13C]retinal [1-13C]Tyr [15N]Pro

IPTG
ppR pHtrII LB

Ni2+-Agarose
[15, 20-13C]retinal [1-13C]Tyr [15N]Pro- ppR non-label pHtrII

[1-13C]Tyr [15N]Pro-T204AppR

ppR/pHtrII complex NMR
EggPC ppR EggPC 1 30( ) Buffer(pH7.0,

HEPES 5 mM, NaCl 10 mM)
[15, 20-13C]retinal [1-13C]Tyr [15N]Pro-ppR/pHtrII 13C,15N REDOR

(Rotational Echo DOuble Resonance) filter[3] in situ 13C 15N CP-MAS NMR
ppR 532 nm 5 mW

M

In situ NMR
NMR

rotor
Magic Angle 54.7 rotor

Fig. 1

rotor

NMR

Fig. 1 The schematic of in situ photo-

irradiated solid-state NMR.
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in situ NMR

REDOR filter����ppR�T204A�[1-13C]Tyr174�[15N]Pro175���

Fig. 2 (a), (b)  [1-13C]Tyr, [15N]Pro–ppR Fig. 2 (c), (d) [1-13C]Tyr, [15N]Pro–ppR/pHtrII
complex 13C REDOR filter Fig. 2 ppR
monomer Tyr174 175.5 ppm Pro175 113.8 ppm pHtrII

T204A
[1-13C] Tyr174 REDOR filter 174.7 ppm T204A monomer [1-13C]

Tyr174 T204A monomer ppR monomer 1 ppm

F helix T204A monomer

In situ	
��
 NMR����������	��������� !"��#$
in situ NMR ppR F helix Tyr174

M Fig. 3 [15,
20-13C]retinal-ppR monomer ppR/pHtrII complex C20

13C
CP-MAS NMR 13.5 ppm

C20 All-trans 13-cis 15-anti 22~24 ppm
NMR M

M
2

in situ NMR
[1-13C]

Fig. 2 REDOR filtered 13C, 15N NMR spectra of [1-13C]Tyr, [15N]Pro-ppR and ppR/pHtrII. Top, middle and
bottom spectra are UNREDOR, REDOR and UNREDOR minus REDOR, respectively. (a), (b): ppR
monomer. (c), (d) : ppR/pHtrII complex.
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Tyr, [15N]Pro-ppR [1-13C]Tyr, [15N]Pro–ppR/pHtrII in situ 13C DD CP MAS 
NMR Fig. 4

ppR monomer Tyr174
175.5 ppm Fig. 4 (a) DD MAS

175.6 ppm (b)
CP MAS 175.2 ppm

ppR monomer
Tyr174 F helix

(c) (d) ppR/pHtrII complex
[1-13C]Tyr174 175.1 ppm
[15N]Pro175 114.1 ppm

175.7 ppm
112.4 ppm

Tyr174
F helix pHtrII tilt

in situ NMR NMR
ppR M

2 in situ
NMR F helix ppR

F pHtrII tilt
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Fig. 3 In situ photo-irradiated 13C CP MAS NMR
spectra of [15, 20-13C] retinal-ppR (left),
ppR/pHtrII complex (right) at 253 K. Gray and 
black lines are ground states and M
intermediate. The bottom spectra are difference 
spectra of ground state minus M intermediate.

Fig. 4 In situ photo-irradiated 13C CP, DD MAS spectra of [1-13C]Tyr, [15N]Pro-ppR monomer and
ppR/pHtrII complex. (a) and (b) are DD and CP MAS spectra of ppR monomer, respectively. (c) and
(d) are 13C and 15N CP MAS NMR spectra of ppR/pHtrII, respectively. The bottom spectra are
difference spectra of ground state minus M intermediate.
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6Li MAS NMR of LiCoO2 from a microscopic viewpoint: 

ion diffusion and spin diffusion 
�Yasuto Noda1, Takashi Mizuno2, and K. Takegoshi1

1Graduate School of Science, Kyoto University, Kyoto, Japan. 
2JEOL ltd., Japan. 

�

Lithium ion diffusion in cathode materials of lithium-ion batteries plays important roles 
in properties such as high-rate and high-energy density. Lithium cobaltate containing excess 
lithium ions, LixCoO2 (x>1), is widely used as a cathode material in commercial lithium-ion 
batteries. However the local structure and ion diffusion mechanism are under discussions. In 
this presentation, we report ion diffusion and spin diffusion investigated with exchange 
NMR measured by Cryocoil MAS NMR probe, which was recently developed to enhance 
the S/N about 4 times, and variable temperature MAS NMR. 
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Fig. 2 Spectra of variable temperature MAS
NMR measured with echo sequence
from 50 °C to 120 °C. 

�12 �2.1 �1 

0 -5 -10 -15 -20 5 10 15 
ppm 

0

ppm

-5

-10

-15

-20

5

10

15

Fig. 1 Contour plot of 2D exchange 6Li NMR
obtained by Cryocoil MAS probe. 

15 10 5 0 -5 -10-15-20

ppm

1200 1000 800 200 150

0

-

-

-

-

－123－



 
Screening bottled liquids using Earth’s Field NMR 

Shota Watanabe, Hideo Sato-Akaba, and Hideo Itozaki 
Graduate School of Engineering Science, Osaka University.  

It is possible to screen liquids by measuring relaxation times, because they are unique to the 
material. In low magnetic field NMR the differences are more distinct, as the relaxation time 
is influenced by molecular movement. We developed an Earth’s Field NMR device which 
uses a pre-polarization field. We measured the relaxation times both during and after the 
pre-polarization pulse. In the case of some liquids these relaxation times differ. By measuring 
these two relaxation times the screening of bottled liquids should be possible. 
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NMR
1000 NMR

2

NMR Fig.1
165×210 RF 76×140

AD/DA USB-6251, 
National Instrument, Ausitin, TX

Fig.1 Schematic diagram of Earth’s Field NMR Spectrometer. A TTL output from a 

multifunction data-acquisition (DAQ) board was used to control the pre-polarization coil. An 

analog voltage signal (DC source) from the DAQ was connected to a tank circuit via a buffer 

amplifier. A TTL output was used to control a mechanical relay (SIL05-1A72-71D, MEDER 

electronic AG) for disconnecting the DC source from the tank circuit. Data acquisition is also 

started at this point. FID signals detected in the resonator coil were amplified and led to the DAQ 

board. 
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(a) (b)
Fig.4 T1 curve of NMR signal for Wine, Ethanol(95%) and Water during Pre-polarization 

pulse (35.2mT) (a), and in Earth’s Field (31.7 T) (b).The lines represent the fitted results.

Fig.5 Relationship between T1P and T1E for various samples. 

a. Samples in unopened bottles. 

b. without degassing dissolved oxygen. 
c. concentration for CuSO4 5H2O aqueous solution : 2.0 M

d. concentration for glucose aquenous solution : 1.7M 

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12 14 16

NM
R 

In
ten

sit
y

Wine

Ethanol (95%)

Water

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6

N
M

R 
In

te
ns

ity

Wine

Ethanol (95%)

Water

P[s] E[s]

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12 14 16

NM
R 

In
ten

sit
y

Wine

Ethanol (95%)

Water

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6

N
M

R 
In

te
ns

ity

Wine

Ethanol (95%)

Water

P[s] E[s]

T1P[s]

T
1E

[s
]

Canola Oil

Gasolineb

Ethanol (95%)b

Pure water

Winea

Tomato Juicea

CuSO4 aq.solutionb,c

Milka

Glucose aq.solutionb,d

0
0 1.0

1.0

0.5

0.5 1.5

1.5

2.0 2.5 3.0

2.5

3.0

2.0

T1P[s]

T
1E

[s
]

Canola Oil

Gasolineb

Ethanol (95%)b

Pure water

Winea

Tomato Juicea

CuSO4 aq.solutionb,c

Milka

Glucose aq.solutionb,d

0
0 1.0

1.0

0.5

0.5 1.5

1.5

2.0 2.5 3.0

2.5

3.0

2.0

－127－



NQR
1 1 1 1

1

Electromagnetic simulation of NQR remote detection 
Yu Nakahara1, Junichiro Shinohara1, Hideo Itozaki1 and Hideo Akaba1

1Graduate School of Science Engineering, Osaka University 

Abstract 
Nuclear quadrupole resonance (NQR) spectroscopy can be applied to the detection of illicit 
substances. In this paper we developed a simulator to estimate the sensitivity of NQR 
remote detection. We first obtain the distribution of the transmission field using Biot-Savart’s 
law. The NQR signal strength is then calculated by assuming radiation to be created by ideal 
dipoles throughout the sample.  The magnitude and orientation of these dipoles are 
calculated from the transmission field.  By shifting the position of the virtual sample, the 
NQR signal strength distribution can be obtained.  We compare the simulation results with 
the results of an experiment measuring the free induction decay (FID) signal of 100g of HMT.  
Both the simulation and experiment produced similar NQR signal strength distributions. 
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(a) Resonant circuit  (b) Gradiometer 
Fig.1 Structure of antenna 
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Fig.6
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Fig.6 Comparison of simulation and experiment 

ExperimentSimulation

T
ra

ns
m

is
si

on
 

N
Q

R
 in

te
ns

ity

－131－



Data mining of solid to solution dynamics during 13C crystal cellulose 
degradation in the waste disposal bioprocess 

Tomohiro Iikura1,2, Yasuhiro Date1,2, Akira Yamazawa3, Jun Kikuchi1,2,4,5

1Grad. Sch. NanobioSci., Yokohama City Univ., 2RIKEN PSC, 3Kajima Corp., 4RIKEN BMEP, 
5Grad. Sch. Bioagr. Sci., Nagoya Univ. 

Degradation processes of chemical compounds in various microbial ecosystems are 
influenced by the variations of types, qualities and quantities of the chemical components.  
However, the metabolic dynamics with the biomass degradation has remained unclear. 
Therefore, we added 13C cellulose as a substrate into high temperature methane fermentation 
sludge used for residual food processing, and measured the sludge by solid NMR 
(13C-CP/MAS and 13C-1H HETCOR) and by solution NMR (1H and 13C) to track the 
variations of biomass degradation and metabolic dynamics in the solid/solution state. 
Furthermore, we processed the data of NMR spectra to a data matrix, and investigated the 
data mining method to understand the comprehensive process.  

1)

2)

NMR NMR

3-6)

13C

NMR 13C/12C Fig.1 Strategy of data mining for biomass 
degradation in waste disposal bioprocess. 
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Fig.2 Covariant analysis between solid 
13C CP/MAS (vertical) and solution 1H 
(horizontal) data matrices during dynamic 
changes of biomass degradation in waste 
disposal bioprocess. 
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Correlation exploration of pretreatment conditions for application of 
biomass profiling. 

Amiu Shino1, Yuuri Tsuboi2, Hiroshi Hayashi3, Jun Kikuchi1, 3, 4, 5

1 RIKEN PSC, 2 RIKEN ASI, 3 Grad. Sch. NanoBio., Yokohama City Univ., 4 Grad. Sch. 
Bioagri., Nagoya Univ., 5 RIKEN BMEP 

 Understanding chemical compositions and structures of lignocellulose could be contributed 
for effective use of plant biomass. We are exploring a new technique to calculate correlation 
between chemical composition of plant biomass mixture and their physicochemical characters. 
In the present study, we pretreated Napiergrass and Guineagrass (2 type) with a variety of 
mechanical and chemical conditions for dissolution, and then measured 1H-13C HSQC spectra. 
2D-NMR signals were transformed into numerical value matrices, and they were calculated 
principal component analysis for correlation exploration between chemical composition 
changes and pretreatment conditions. 
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Fig. 1  Scheme of our biomass profiling strategy.
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Application of nuclear magnetic relaxation to elucidation of proton transfer 
potential of N H O type hydrogen bond

Tomoko Nakano1, and Yuichi Masuda1

1Department of Chemistry, Faculty of Science, Ochanomizu University, Tokyo, Japan.  

Intramolecular proton transfer (PT) along hydrogen bond has played an important role in wide 
variety of chemical and biological reaction systems. The purpose of this study is to establish 
an experimental procedure for elucidation of PT potentials of N H O type hydrogen bond
systems by a combination of multiple NMR measurements. The method is applied to Schiff 
bases with asymmetric double-well PT potentials. The PT rates were evaluated, considering 
the 15N-1H magnetic dipolar couplings. The substituent exerts a few orders difference in the 
obtained PT rates. The proposed PT potential surfaces sensitively respond to distortion of the 
hydrogen bond by the steric repulsion and to size of the conjugate system.
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CD2Cl2, CD3CN 1H,13C,15N NMR T1
dd(NH) 15N

2D 15N T1 NH-form
OH-form N-H R(NH,N…H)

13C T1

N-H rNH rN H

(MP2/6-311G(d,p)) vibrational averaging 5)

NH-form OH-form PNH, POH JNH

NH-form OH-form JNH 90 Hz, 0 Hz 6)

eq 1, 2 T1
dd(NH)

PT PT
Table 1

Table 1 Summary of data 
Comopund 
solvent CD2Cl2 CD3CN CD2Cl2 CD2Cl2
1JNH (Hz) -49.8 -46.4 -60.6 -14.4 
PNH 0.55 0.51 0.67 0.16 
rNH

a ( ) 1.068 1.068 1.046 1.085 
rN…H

a ( ) 1.689 1.689 1.655 1.698 

R(NH) (s) 1.43E-11 1.23E-11 1.23E-11 9.19E-12 

R(N…H) (s) 1.45E-11 1.24E-11 1.25E-11 8.96E-12 
Observed values of T1

dd(NH) (s) 32.6 43.2 42.0 107 
Expected values of T1

dd(NH) b, c(s)[ R PT] 35.8 44.2 31.0 151 
Expected values of T1

dd(NH) b, c (s)[ R PT] 44.7 56.3 36.4 206 

CD2Cl2 NH-form OH-form driving force( G)
32.6 R PT

35.8 PT

a obtained by ab initio MO calculations : MP2(6-311++G(d,p)). 
b calculated with rNH and R according to equation [1] or [2].
c corrected by considering the vibrational averaging effect on the magnetic dipolar coupling.
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13Cメチル基をプローブとして用いる 
リジン側鎖を介した塩橋の解析法の開発 
○服部良一1,2、大木出2、古板恭子1、池上貴久1、深田はるみ3、
白川昌宏4、藤原敏道1、児嶋長次郎1,2

1阪大・蛋白研、2奈良先端大・バイオ、3阪府大・生命環境、
4京大・工

A method developed for analysis of salt bridges mediated by lysine side 
chains using 13C-methyl groups as probes 

Yoshikazu Hattori1,2, Izuru Ohki2, Kyoko Furuita1, Takahisa Ikegami1, Harumi Fukada3,
Masahiro Shirakawa4, Toshimichi Fujiwara1, Chojiro Kojima1,2

1Insititute for Protein Research, Osaka University, 2Graduate School of Biological Sciences, 
Nara Institute of Science and Technology, 3Graduate School of Life and Environmental 
Sciences, Osaka Prefecture University, 4 Graduate School of Engineering, Kyoto University. 

   13C-methylation of lysines is known as an effective chemical modification for introduction 
of 13C-methyl groups into proteins. Methylated lysines are protonated at neutral pH such as 
unmodified lysines and significant structural changes are hardly induced by methylation. 
Therefore 13C-methyl groups can be used as probes to study electrostatic interactions of 
lysines. Here we show the correlation between the chemical shift values of 13C-methyl groups 
and the distance to the pair of lysines in the crystal structures. In addition, pH titration of 
methylated ubiquitin reveals that methylated K11, which is close to carboxylate in the case of 
the natural structure, also involves in the salt bridge interaction. These results indicate that the 
methylated lysines with up-field chemical shift values form strong salt bridges. 

[背景] リジンの13Cメチル化は、化学修飾
によりリジン側鎖に二つの13Cメチル基を
付加する反応である（Figure 1）。メチル
化されたリジンは非修飾のリジンと同じ
く中性pHではプロトン化されている。また、
メチル化による蛋白質の構造変化も小さ
いことが、結晶構造解析から示されている
[1]。このため、13Cメチル基をプローブとし
て、リジンを介した静電的相互作用を間接的に検出することが可能である。過去の研
究では、pHタイトレーションにより種々のメチル化蛋白質リジンのpKaが求められた
[2,3]ほか、最近ではGPCRのリガンド依存的なコンホメーション変化が解析された[4]。
しかし、メチル化蛋白質のNMRスペクトルとリジンの化学環境、特に塩橋との対応は
明らかになっておらず、スペクトルのピーク分布から構造情報について議論すること
は難しい。

リジン、塩橋、化学修飾 
 
○はっとりよしかず、おおきいずる、ふるいたきょうこ、いけがみたかひさ、ふかだ
はるみ、しらかわまさひろ、ふじわらとしみち、こじまちょうじろう 

Figure 1. Methylation of lysine side chain 

YP11
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 本研究では、メチル化蛋白質のNMRデータと、既知の立体構造および蛋白質間相互
作用を比較し、一般性を見出すことを目的とした。これまでに、モデル蛋白質として
Ubiquitin（Ub）をメチル化し、1H-13C HSQCスペクトルの帰属、およびYUHのタイト
レーション実験を行った。本発表では、その他の相互作用解析およびメチル化が蛋白
質間相互作用に与える影響、メチル化の反応率とリジンの化学環境、そして化学シフ
ト値と塩橋の相関について報告する。

[方法] Ub（野生型およびKR変異体7種）とFKBP12（野生型およびKR変異体8種）の
15N標識体、YUH, Dsk2pUBAおよびp62UBAの非標識体を大腸菌の発現系で調製した。13C
メチル化反応には、[13C]-formaldehydeとborane dimethylamine complexを用いた。反応
後のサンプルは限外濾過および透析で精製し、1H-13C HSQCスペクトルを測定した。
リジンのピークの帰属は各KR変異体をメチル化することにより逆標識して行った。
NMR測定はBruker 400および500 MHzを用いた。ITC測定はMicrocal Omegaを用いた。 
 
[結果と考察] 
メチル化Ubを用いた蛋白質間相互作用解析
 メチル化後のUbに対して、相互作用因子であるYUH, Dsk2pUBAおよびp62UBAのNMR
タイトレーションを行った。その結果、複合体構造の会合面に位置するリジンの1H化
学シフトが有意に（> 0.01 ppm）変化した（Figure 2）。またYUHおよびDsk2pUBAの
タイトレーションで最も大きく化学シフトが変化したK11およびK6は蛋白質間で塩
橋を形成するリジンであった。

B 

Figure 2. (A) NMR titration experiments (B) Lysines with significant 

chemical shift changes were mapped onto the structures (PDB 

1CMX, 1WR1 and 1WR1+2JY7). 

A 
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 さらにYUHについては、メチル化前後のUbに対する結合様式を、ITCおよびNMR
を用いて比較した。その結果、ITCでの相互作用にともなう熱量変化は同程度であり
（Table 1）、NMRでの主鎖NHの化学シフト変化においてもよい相関が得られた
（Figure 3）。これらの結果から、メチ
ル化蛋白質を用いたNMRタイトレーシ
ョンによって相互作用部位の同定が可
能であり、非修飾状態の相互作用に対応
することが示された。

メチル化の反応率とリジンの化学環境
 Ubのメチル化において、反応に用いる[13C]-formaldehydeの量を変化させたところ、
残基ごとのピーク強度の変化に違いが見られた。部分的にメチル化したサンプルの
1H-13C HSQCスペクトルのピーク強度から、各リジンの被修飾率を算出したところ、
リジンの溶媒露出度が高いほど、またpKaが低いほど、メチル化されやすいことが示
された（Figure 4）。これは一般的な化学反応における立体障害と、メチル化反応が
脱プロトン化したリジンと反応する反応機構によって、矛盾なく説明できる。

化学シフト値と塩橋の相関
 Ubに加えてFKBP12についても1H-13C HSQCスペクトルの帰属が完了した（Figure
5）。FKBP12の1H-13C HSQCスペクトルもUbとほぼ同程度の範囲に分散していた。両
者の1H化学シフトの分布と結晶構造情報の相関について解析したところ、リジンの近

Table 1. Thermodynamic parameters of the interactio 

between YUH and Ub or methylated Ub obtained from 

ITC 

Figure 3. Correlation plots of chemical shift changes of 

backbone NH of Ub and methylated Ub caused by the 

presence of YUH 

Figure 4. Correlation plots between reactivity of methylation and solvent accessibility (A) or pKa values of 

methylated lysines (B) 

A B 
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傍（< 6 Å）にカルボキシル基が存在する場合、その塩橋の距離（COO …NH3
+）に依

存して、1H化学シフトが高磁場側にシフトしていた。静電場が化学シフトに与える影
響は距離の二乗に反比例すると考えられるため、そのプロットをとったところ、よい
相関が得られた。さらに塩橋がより近い距離（< 4 Å）で形成される場合では、二つの
メチル基の交換が抑えられ、いくつかのリジンでピークの分裂が見られた。
 UbについてpHタイトレーションを行ったところ、中性条件で分裂していたK11のピ
ークは、酸性条件（pH < 3）または塩基性条件（pH > 8）では分裂がなくなった（Figure
6A）。これは、塩橋による静電的相互作用が弱まることにより、メチル基の交換が速
くなることを示唆する。さらに酸性側へのpHタイトレーションにおいてK11のピーク
は、K11と近接するE34のカルボキシル基のpKa 4.5[5]付近のpHで有意な変化を示した
（Figure 6B）。このことからメチル化後も本来の塩橋が保たれていると考えられる。

[参考文献]
[1] Kim, et al. (2008) Nat. Methods 5, 853. [2] Zhang, et al. (1992) J. Biol. Chem. 268, 22420.
[3] Sparks, et al. (1992) J. Biol. Chem. 267, 25830. [4] Bokoch, et al. (2010) Nature 463, 108.
[5] Sundd, et al. (2002) Biochemistry 41, 7586

Ub 

Figure 5. 1H-13C HSQC spectra of methylated Ub and methylated FKBP12 (500 MHz, 303 K, pH 6.8) 

Figure 6. 13C (A) and 1H (B) chemical shift changes of methylated K11 of Ub induced by pH changes 

FKBP12 

A B 
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Structural Analysis with RDC induced by Host-Guest Chemistry
Osamu Morohara1, Daishi Fujita1, Sota Sato1, Yoshiki Yamaguchi2, Koichi Kato3,4,5, and

Makoto Fujita1,5

1Department of Engineering, The University of Tokyo, Tokyo, Japan. 2Riken, Saitama, Japan.
3Graduate School of Pharmaceutical Sciences, Nagoya City University, Aichi, Japan.
4Okazaki Institute for Integrative Bioscience, Aichi, Japan. 5CREST

    Residual dipolar coupling (RDC) can be observed by NMR when molecules are 
anisotropically oriented in magnetic field and provides useful information for structural 
analysis.  However, conventional polymeric alignment media such as liquid crystals are 
seldom applied to small molecules due to small interaction.  We report that discrete host 
with aromatic panels were diamagnetically oriented in magnetic field and showed RDC.  We 
also confirmed encapsulation of small molecules into the magnetically oriented host 
complexes induced guest orientation and detectable RDC.

π

Fig. 1 Energy difference of aromatic 
molecule in a magnetic field.

Fig. 2 Concept of the research.

YP12
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Application of nonlinear sampling and 3D MaxEnt processing to 
4D NOESY experiments 

Yoshiki Shigemitsu1 Yuusuke Tsuchie1 Teppei Ikeya1 2 Masaki Mishima1 Daniel 

Nietlispach3 Markus Waelchli4 Peter Guentert2 Brian O. Smith5 and Yutaka Ito1

1Department of Chemistry  Tokyo Metropolitan University; 2Institute of Biophysical 

Chemistry  J. W. Goethe-University Frankfurt; 3Department of Biochemistry  University of 

Cambridge; 4Bruker BioSpin; 5Division of Biochemistry and Molecular Biology  University 

of Glasgow 

Despite its potential advantages in analysis, 4D NMR experiments are infrequently 

used as a routine tool in protein NMR projects due to long duration of measurement and 

limited digital resolution in indirectly observed dimensions.  Applications of recently 

proposed new acquisition techniques for speeding up multidimensional NMR experiments are 

therefore expected to be extremely beneficial for 4D experiments.  Nonlinear sampling 

(NLS) for indirectly acquired dimensions in combination with maximum entropy (MaxEnt) 

processing has been shown to provide significant time savings in the measurement of 

multidimensional NMR experiments.  We applied various nonlinear sampling schedules and 

3D MaxEnt processing to 4D 13C/15N-separated NOESY, and then evaluated the expected 

artifacts in 4D spectra, such as the mis-calibration of intensities and the emergence or disappearance 

of cross peaks, by calculating protein structures on the basis of NOE-derived distance restrains. 

[ ] 

3 4 NMR

: 4D NMR

:
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37 4D 13C/15N separated NOESY 512*(1HN) x 

32*(1H) x 24*(13C) x 8*(15N) ( ) nonlinear sampling

512*(1HN) x  

Figure 1: Contour plots of 1H/13C slices (1HN chemical shift: 7.678 ppm, 15N chemical shift: 121.16 

ppm) from seven 4D 13C/15N separated NOESY spectra processed with 3D MaxEnt from full 

(reference) data (a), simulated data with 1/4 (b), 1/16 (c), 1/64 (d) nonlinearly sampling points and 

simulated data with 1/4 (e), 1/16(f) and 1/64 (g) linearly sampling points. 
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3072 random sampling complex points ( 1/4) 512*(1HN) x 768 random sampling complex 

points( 1/16) 512*(1HN) x 192 random sampling complex points( 1/64) 3

linear sampling

512*(1HN) x 21*(1H) x 15*(13C) x 5*(15N)(

1/4) 512*(1HN) x 13*(1H) x 10*(13C) x 3*(15N)( 1/16) 512*(1HN) x 8*(1H) x 6*(13C) x 

2*(15N)( 1/64) 3

NOE

CYANA PDB

TTHA1718 in vitro

Figure 2: NOE cross peak intensities in various 4D 13C/15N separated NOESY spectra. a. Comparison 

of NOE cross peak intensities between reference (data ) and various nonlinearly sampled data sets. b.

Comparison of NOE cross peak intensities between reference (data ) and valious linearly sampled 

data sets.  The horizontal axis represents cross peak intensities in the reference spectrum and the 

vertical axis indicates intensities of corresponding cross peaks in various spectra with nonlinearly or 

linearly reduced sampling points. Open circles, open quadrangles, open diamond and open triangles 

indicate intensity of the reference spectrum, spectra with 1/4 sampling points, spectra with 1/16 

sampling points and spectra with 1/64 sampling points, respectively. 

[ ] 

Figure 1a~1g 13C/15N separated NOESY ~ 3D 
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(Figure 2a 2b)

NOE linear sampling

nonlinear sampling linear sampling

linear sampling

nonlinear sampling NOE

7.5 1/16

RMSD 1.5 Å linear 

sampling 1/16

RMSD 5 Å nonlinear sampling

NOE 2

NOE NLS NOESY

MaxEnt

Figure 3: Superposition of 20 final structures calculated based on the NOE-derived distance restraints 

from seven 4D 13C/15N separated NOESY spectra processed with 3D MaxEnt from full (reference) 

data (a), simulated data with 1/4 (b), 1/16 (c), 1/64 (d) nonlinear sampling points and simulated data 

with 1/4 (e), 1/16(f) and 1/64 (g) linear sampling points.  Thick lines represent the solution structure 

of TTHA1718 in vitro (PDB ID: 2roe). 



Phosphoinositide-incorporated Nanodisc: A tool for studying protein-
membrane interactions 
 
○Naoki Yoshida1, Yoshihiro Kobashigawa2, Kohsuke Harada1, Kenji Ogura2, 
 Mariko Yokogawa2, and Fuyuhiko Inagaki2 

1 Lab. Struct. Biol. Grad. Sch. Life Sci. Hokkaido Univ. 
 2 Lab. Advanced Life Sci. Hokkaido Univ.

Protein-lipid interactions have been studied using lipid bilayer mimetics; micelles, bicelles 
and liposomes. Micelles and bicelles contain detergents which denature the target proteins,
while liposomes are insoluble to the aqueous solution which limits applications of analytical 
methods. Here we used a discoidal lipid bilayer model, Nanodisc for studying protein-
phosphoinositedes (PIs) interactions. We established the protocol for incorporating 
phosphoinositides (PIs) into Nanodisc. PI-incorporated Nanodisc was applied to pull down 
binding assay, fluorescence polarization and solution NMR studies, thereby affording fast, 
quantitative and residue-specific evaluation of the protein-PI interactions, respectively. The 
PI-incorporated Nanodisc could be used as a versatile tool for studying the protein-lipid 
interactions by various biochemical and biophysical techniques. 

Fig1. Feature of lipid bilayer mimetics used for studying protein-
lipid interaction.
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Fig2. (1) Schematic representation of preparation of PI-incorporated Nanodisc.
(2) 31P NMR spectrum of PI(4)P-incorporated Nanodisc. 

(1) (2)
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(1) (2)

Fig3.
(1) Schematic representation of the pull down binding assay using PIs-incorporated Nanodisc
(2) Pull down binding assay of p47phox PX domain. 
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Fig4.
(1) Fluorescence polarization measurement of Alexa488 labeled p47phox PX domain
(2)1H-15N HSQC-based-NMR titration experiment. The residues whose signal intensity was 
reduced upon the addition of PI(3,4)P2 Nanodisc were mapped on the structure of p47phox PX 
domain(black). (PDB ID:1KQ6)

(1) (2)
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The Role of C-terminal Residues of Calmodulin on Its Structure and 
Function

Dasol Hwang1, Chihiro Kitagawa2, Akiko Nakatomi2, and S. Ohki1

1Japan Advanced Institute of Science and Technology (JAIST), 2Hokkaido University 

   Calmodulin (CaM) is a Ca2+-binding protein to regulate various enzymes. Normally, one 
CaM molecule binds four Ca2+ ions with increasing Ca2+ concentration in cells. However, 
Saccharomyces cerevisiae (yCaM) binds only three Ca2+ ions due to lacking two residues in 
EF4 at C-terminus. Nevertheless, yCaM has the ability to interact with target proteins, and 
F-helix of EF4 in yCaM is essential for target activation. To clarify biophysical role of the 
C-terminal residues of CaM, we prepared a series of deletion mutants of chicken CaM 
(CCM0), and characterized their structural and functional properties. Here we present the 
results of their 1H-15N HSQC, 1H-13C HSQC, and 113Cd-NMR.

Fig. 1.  Amino acid sequences of CaM and its variants 

employed in this study. Only EF4 is summarized in this figure. 

Boxes indicate Ca2+-binding loop. 
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Fig. 2.  113Cd-NMR spectra of CaM and its 

variants. Left (a, b, and c) and right (d, e, and 

f) indicate CaM (or variant) without and with 

skMLCK peptide, respectively. CCM0 (a and 

d), CCM 4 (b and e), and CCM 5 (c and 

f).

tsuura, I., Yazawa, M., Nakamura, T. & Yagi, K. (1987) J.Biochem. 102,[1] Luan, Y., Ma
   1531-1537. 
[2] Yazawa, M., Nakashima, K. & Yagi, K. (1999) Mol. Cell. Biochem.190, 47-54. 

 Thulin, E., Drakenberg, T., Krebs, J. & Seamon, K. (1980) FEBS Lett. 117,[3] Forsén, S.,
  189-194. 
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○今井駿輔1,大澤匡範1,竹内恒2,嶋田一夫1,2 
1東大薬 
2BIRC/AIST

Structural basis underlying the dual gate properties of KcsA 
○Shunsuke Imai1, Masanori Osawa1, Koh Takeuchi2, and Ichio Shimada1,2

1 Grad. Sch. Pharm., The Univ. of Tokyo 
2 BIRC/AIST
 
KcsA is a prokaryotic pH-dependent potassium (K+) channel. Its activation, by a decrease in 
the intracellular pH, is coupled with its subsequent inactivation, but the underlying 
mechanisms remain elusive. We investigated the conformational changes and equilibrium of 
KcsA. Controlling the temperature and pH produced three distinct methyl-TROSY spectra of 
KcsA, corresponding to the closed, activated, and inactivated states. The pH-dependence of 
the signals from the extracellular side was affected by the mutation of H25 on the intracellular 
side, indicating the coupled conformational changes of the extra- and intra- cellular gates. K+

titration experiment revealed that the activated and inactivated states correspond to the 
K+-bound and unbound states. Furthermore, an NOE to water was observed for V76 only in 
the inactivated state, suggesting the importance of bound water in the inactivated state. 
 

○ 

Fig.1 Structural model of KcsA 
For clarity, only two subunits of a tetramer 
are shown. Gray balls are carbon atoms of 
Ile, Leu, Val methyl groups. 
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˚

˚ ˚

Fig.2 Methyl-TROSY spectra of KcsA 
Methyl-TROSY spectra acquired at pH 6.7 (A) and 3.2 
(B) at 45°C in the presence of 120 mM K+ are shown. 
At acidic pH, some methyl groups exhibited two 
signals, indicating conformational equilibrium under 
the acidic condition (B, inset). 
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˚

˚ ˚

γ
˚

γ

Fig.3 Conformational equilibrium under the acidic 
condition.
(A) Temperature dependence of methyl TROSY 
spectra at pH 3.2 and in the presence of 120 mM 
K+.
(B) Comparison of the spectra with the mutants at 
pH 3.2 and 25°C, in the presence of 120 mM K+.
Numbers in the parenthesis exhibit the population 
of each conformation. 

Fig.4 NOE strips from V76 γ1
NOE strips from V76 γ1 in the 
closed, activated, and inactivated 
states in the presence of 120 mM 
K+ and 90% H2O are shown. 
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NMR spin-label analysis on the interactions between an oxidative 

translocator Tim40 and a FAD-linked sulfhydryl oxidase Erv1 in yeast 

mitochondria 

�Takahro Anzai
1
, Shin Kawano

1
, Kayoko Terao

1
 and Toshiya Endo

1
 

1
Department of Chemistry, Graduate School of Science, Nagoya University, Aichi, Japan.  

�

 Mitochondria has outer and inner membranes. The compartment between them, the 

intermembrane space (IMS), has many proteins that contain disulfide bond. Recently, a 

disulfide relay system in the IMS has been identified which consists of two essential proteins, 

the redox-regulated translocator Tim40 and the flavin adenine dinucleotide (FAD)-linked 

sulfhydryl oxidase Erv1. The disulfide relay system drives the import of these 

cysteine-containing proteins into the IMS by the folding trap mechanism. In order to reveal 

structural basis of the disulfide relay system in mitochondria, we determined the X-ray 

structures of Tim40 and Erv1. Furthermore, we performed NMR spin-label experiments to 

analyze the interaction between Tim40, its substrate and Erv1.  

�
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 Fig. 1 NMR spin-label method for 

MTSL-Erv1 and Tim40 or MSP1-Tim40 

 Fig. 2 Ternary complex model of 

Tim40, substrate and Erv1 
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Structural study of interactions between mouse pheromone ESP1 and ESP1 
receptor

Makoto Hirakane1, Sosuke Yoshinaga1, Toru Sato2, Sachiko Haga2, Ichio Shimada3,
Kazushige Touhara2, Hiroaki Terasawa1

1Faculty of Life Sciences, Kumamoto University, 
2Graduate School of Agricultural and Life Sciences, The University of Tokyo, 
3Graduate School of Pharmaceutical Sciences, The University of Tokyo 

Pheromones are species-specific chemical signals that regulate a wide range of social 
and sexual behaviours in many animals.  The vomeronasal organ (VNO) mediates the 
pheromonal information via vomeronasal sensory neurons (VSNs) in mice.  We identified a 
male-specific peptide ESP1 (exocrine-gland-secreting peptide 1) secreted into tear fluids that 
stimulates female's VSNs.  In addition, ESP1 turns out to be a member of a multigene family 
(ESP family).  The aim of this study is the elucidation of the mechanism to discriminate 
among individuals via the pheromone reception system.  We report here a three-dimensional
structure of ESP1 with solution NMR analyses.  The structure-activity relationship of ESP1 
based on the structural data and the mutational effects on the VSN-stimulating activity will be 
discussed.

ESP1 1) ESP1
2)

ESP1  G  V2Rp5 (vomeronasal type 2 receptor p5)
3)

ESP1 ESP1
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ESP1 
4) ESP1

ESP1 V2Rp5
ESP1

M9
ESP1

ESP1
 NMR NMR

Olivia ESP1  CYANA 
MOE V2Rp5 ESP1

 c-Fos 

15N 13C15N ESP1 NMR
NOESY 1H

HNHA 
 ESP1 
ESP1

 ESP1 
 in vivo  c-Fos 

ESP1
V2Rp5  GPCR  C 

 V2Rp5 ESP1
 V2Rp5 

ESP1 V2Rp5
 NMR ESP1 V2Rp5 ESP1

ESP1  V2Rp5  NMR ESP1
ESP1  V2Rp5 

1) Kimoto H. et al., Nature, 437, 898-901 (2005) 

2) Kimoto H. et al., Current Biology, 17, 1879-1884 (2007) 

3) Haga S. et al., Pure and Applied Chemistry, 79, 775-783 (2007) 

4) Haga S. et al., Nature, 466, 118-122 (2010)
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Structural studies on the transcriptional corepressor complex 
SHARP/SMRT and its preparation 

Suzuka Mikami, Yutaka Ito, Masaki Mishima 

 Graduate school of science and engineering, Tokyo Metropolitan University 

SHARP is known as a component of transcriptional repressor complexes functions in nuclear 

receptor and Notch signaling pathways. SPOC domain of SHARP binds to the C terminus of 

corepressor SMRT. SPR, ITC and NMR experiments clearly showed that phosphorylated 

SMRT peptide (2492-2517) tightly bound to SPOC domain of SHARP. In contrast, the 

affinity was decreased with 1000 fold without phosphorylations. We introduced 13C and 15N

labeled amino acids into SMRT peptide and solved ambiguities for the resonance assignments. 

The determined complex structure provided structural basis for the SHARP-SMRT interaction. 

Sample preparation of recombinant SMRT as chimera protein with CKII kinase domain will 

be also discussed in the conference. 

SHARP 17 - Notch

SHARP C

SPOC ( 3496~3664) SMRT C

( 2492-2517) SMRT

HDAC SHARP SMRT

SPOC/SMRT

NMR SPOC/SMRT

SMRT
13C,15N SMRT

SMRT

SMRT

Key words ;   complex, phosphorylation, sample preparation 

,
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SPOC SMRT

pGEX 6P-3 BL21 Rosetta SPOC

20 °C 13C,15N SPOC DEAE 

sepharose GSH

SMRT (2492-2517)

NMR

(SPR) (ITC)

SPOC/SMRT

SPOC/SMRT SMRT S2514 S2516 SMRT

( pSMRT ) NMR  HNCACB

CBCA(CO)NH HN(CA)CO HNCO C(CO)NH H(CCO)NH 4D HC(CO)NH

HCCH-TOCSY 13C-CT-HSQC (for 15% 13C labeled sample) 13C separated NOESY 15N

separeted NOESY 2-2D 13C,15N filtered NOESY & TOCSY 1H-31P HSQC HNHB

HN(CO)HB SPOC/SMRT CYANA ver. 

3.0 library file Legge G.B. (J. Bio. NMR 2005, 33, 

15-24)

D-TOPO (Invitrogen ) DNA

pET151/D-TOPO BL21 Rosetta(DE3)

IPTG 20 °C DEAE sepharose

Ni-NTA sepharose

SPOC SMRT

NMR (13C,15N) SPOC SMRT

(2492-2517)

SPR

10-4 M

SMRT S2514 S2516 Caseine 

kinase (CK ) Caseine kinase (CK )

SMRT

SPOC SPR

S2514 100

S2514 S2516 1000

(Table 1)

Table 1 Summary of SPR analysis
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ITC

pSMRT 10-7

M SPR (Fig. 1) NMR

SMRT

fast exchange pSMRT

slow exchange

SPOC/pSMRT

SPOC pSMRT

SPOC

R3552

R3552 R3554
1H

NMR 3500

(Fig. 2) SMRT Y2510 SPOC M3553 I3611

SMRT L2513 SPOC Y3515 I3549 Y3602

SMRT

E2511 SPOC R3552 R3554 pS2514 SPOC R3552

(Fig. 2)

R3552

pSMRT
13C,15N

pSMRT (2510-2517)

(Fig. 3)

Fig.2 Structure of the 

SPOC/pSMRT complex

(A) Ensemble of 20 

lowest energy structure 

(B) Close up view for 

the pSMRT recognition 

by SPOC 

(A)

Fig. 1 ITC measurement 

Raw ITC data and binding 

isotherms for titration of 

SPOC with pSMRT. 

(B)
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pSMRT

pSMRT

SMRT SMRT

25

SMRT

N His-tag CK

GS TEV SMRT(2492-2516)

(Fig.

4)

SPOC
15N SPOC

TEV

SPOC

SPOC 45 KDa

TEV

(Fig. 5)

SMRT

CK

pSMRT

Fig. 3 1H-15N HSQC spectrum of 

pSMRT in complex with SPOC 

Fig. 4 Schematic drawing of 

the chimera protein  

Fig. 5 Binding analysis of SPOC and chimera (A)SPOC (B)SPOC:chimera 1:1

(C)overlay of SPOC/digested chimera complex with free SPOC. (black : free gray : 

complex)

(B)(A) (C)
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