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Structural studies of transient structures using PRE 
Masaki Mishima1, Teppei Kanaba1, Yutaka Ito1, Toshio Hakoshima2, Suzuka Mikami1

1Graduate school of Science and Engineering, Tokyo Metropolitan University  
2Graduate school of Information Science, Nara Institute of Science and Technology 

Protein structures (complexes) to carry on their functions are formed transiently by 
integration of weak interactions. NMR technique is quite useful for these structures. We will 
present NMR studies for transient structure of split PH domain of Rho-kinase and 
SHARP/SMRT complex. Rho-kinase is known to plays a crucial role in regulation of 
cytoskeleton, which possesses the split PH domain consists of the PH subdomain and the C1 
subdomain. In this study, we report three dimensional structure of intact split PH domain 
using paramagnetic relaxation enhancement (PRE) and multidimensional NMR spectroscopy. 
Meanwhile, SHARP is a transcriptional repressor interacts with SMRT, a component of 
HDAC complex. We have determined structure of the SHARP/SMRT complex. We also 
discuss the detail of complex formation.     
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NMR structural analysis of 45 kDa protein kinase, VRK1 

Naoya Tochio1, Seizo Koshiba1,2, Jun Yokoyama3, Shigeyuki Yokoyama1,4, Ho Sup Yoon5, 
and Takanori Kigawa1,6 
1RIKEN Systems and Structural Biology Center, Kanagawa, Japan, 2Graduate School of 
Nanobioscience, Yokohama City University, Kanagawa, Japan, 3Tsukuba Lab., Taiyo Nippon 
Sanso Corp., Ibaraki, Japan, 4Graduate School of Science, University of Tokyo, Tokyo, Japan, 
5School of Biological Sciences, Nanyang Technological University, Singapore, and 
6Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of 
Technology, Kanagawa, Japan. 

  Vaccinia related kinase 1 (VRK1) is a serine/threonine protein kinase composed of 396 
amino acid residues (M.W. 45 kDa), which is known to mediate the cell response to DNA 
damage by phosphorylation of the p53 tumor suppressor.  Toward the structure 
determination of VRK1, we prepared various kinds of stable-isotope labeled samples and then 
tried many kinds of NMR experiments.  With respect to the sample preparation, we applied 
the cell-free protein synthesis system to produce the highly deuterated samples, the amino 
acid-selective labeled samples, the Stereo-Array Isotope Labeling (SAIL) samples, and the 
methyl-selective labeled samples.  As for the NMR analyses, we had successfully assigned 
about 90% of the backbone resonances using the standard TROSY-type experiments and the 
amino acid-selective labeling technique.  The methyl resonances of Ile, Leu, Val, Ala, and 
Met were assigned using the HMCM[CG]CBCA and/or a series of 3D/4D NOESY 
experiments.  We also measured residual dipolar couplings aligned in polyacrylamide gel.  
Based on these data, we have successfully determined the solution structure of human VRK1.  
We will discuss general aspects of structure determination of proteins with the large 
molecular weight by using NMR spectroscopy.   

  Vaccinia related kinase 1 (VRK1) 396 ( 45 kDa) /
p53 DNA
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Figure 1.  Methyl regions of 1H,13C HSQC spectra of (a) 
ILVF- and (b) ILVFMA-selective labeled VRK1.   

Figure 2.  Solution structure of human VRK1. 
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Deuterium-decoupled 3D HCA(N)CO に支援された 

重水溶媒中におけるタンパク質の立体構造解析 

○小椋賢治，久米田博之，稲垣冬彦 
北海道大学大学院先端生命科学研究院 

 
Structure determination of proteins in 2H2O solution aided by a 

deuterium-decoupled 3D HCA(N)CO experiment (1) 
Kenji Ogura, Hiroyuki Kumeta and Fuyuhiko Inagaki 
Faculty of Advanced Life Science, Hokkaido University 

 
 We developed an NMR pulse sequence, 3D HCA(N)CO, to correlate the chemical 
shifts of protein backbone 1Hα and 13Cα to those of 13C' in the preceding residue. By applying 
2H decoupling, the experiment was accomplished with high sensitivity comparable to that of 
HCA(CO)N. When combined with HCACO, HCAN and HCA(CO)N, the HCA(N)CO 
sequence allows the sequential assignment using backbone 13C' and amide 15N chemical shifts 
without resort to backbone amide protons. This assignment strategy was demonstrated for 
13C/15N-labeled GB1 dissolved in 2H2O. The quality of the GB1 structure determined in 2H2O 
was similar to that determined in H2O in spite of significantly smaller number of NOE 
correlations. Thus this strategy enables the determination of protein structures in 2H2O or H2O 
at high pH values. 
 
 In protein NMR studies, backbone amide protons play an essential role in sequential 
resonance assignment of isotopically enriched proteins. Many NMR pulse sequences for 
13C/15N-labeled proteins have been designed to detect the correlations between amide protons 
and other nuclei (e.g., 15N, 13C’ , 13Cα, and 13Cβ). However, under alkaline conditions, this 
assignment strategy is not applicable since amide protons cannot be observed due to the rapid 
exchange of amide protons with the solvent protons. Therefore, protein NMR studies are 
restricted to solutions with pH of less than 7.5. To overcome this problem, we propose a new 
pulse sequence, 3D HCA(N)CO, designed for 13C/15N-labeled proteins dissolved in 2H2O, is 
presented for the correlation of a pair of 1Hα and 13Cα chemical shifts to the 13C' chemical 
shift of the preceding residue. By combining HCA(N)CO with 3D HCAN, HCA(CO)N and 
HCACO, we propose a new sequential assignment strategy based on both the amide 15N and 
13C' chemical shifts.  
_________________________________________________________________________ 
3D HCA(N)CO, 2H decoupling, GB1 
 
○おぐらけんじ，くめたひろゆき，いながきふゆひこ 

L3

－38－



 The deuterium-decoupled 3D HCA(N)CO experiment (Fig. 1) is used to obtain 
inter-residue (and weaker intra-residue) connectivities between the 1Hα, 13Cα and 13C’ nuclei. 
The pulse sequence is a so-called ‘out-and-back’ style. The final magnetization transfer path 
from 13Cα to 1Hα uses a gradient-enhanced scheme. For proteins dissolved in 2H2O, the 15N 
T2 elongation due to 2H-decoupling during the 15N evolution or delay period is helpful to 
allow sensitivity enhancement of this experiment. 

 
 NMR experiments were carried out at 25°C on a sample of 13C/15N- labeled 1.2 mM 
Streptococcal GB1 domain dissolved in 2H2O. The one- and three-dimensional spectra of 
HCACO, HCA(CO)N, HCAN, and HCA(N)CO were recorded on a Varian Inova 600 
spectrometer. Figure 2 shows a comparison of the 1D spectra of HCACO, HCA(CO)N, 
HCAN, and HCA(N)CO with or without 2H decoupling. As expected, HCACO (Fig. 2a) 
showed the highest sensitivity among 
the experiments. The sensitivities of 
other three spectra relative to the 
HCACO spectrum were 0.28 for 
HCA(CO)N (Fig. 2b), 0.47 for HCAN 
(Fig. 2c), and 0.13 for HCA(N) CO 
without 2H decoupling (Fig. 2d). As 
the low sensitivity of the HCA(N)CO 
experiment was mainly due to the long 
delay time, we thought that 2H 
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decoupling during the 15N evolution period or the delay would be effective in improving 
sensitivity. The sensitivity of the HCA(N)CO experiment by the introduction of 2H 
decoupling (Fig. 2e) was increased about 2-fold, resulting in the relative sensitivities 
compared to those of the HCA(CO)N and HCACO to be 0.96 and 0.27, respectively. 
Therefore, we concluded that the HCA(N)CO experiment with 2H decoupling can be 
practically applied to the resonance assignment of 13C/15N-labeled proteins dissolved in 2H2O. 
 Figure 3 shows strip plots taken from the HCACO (right strips) and HCA(N)CO (left 
strips) spectra of the GB1 domain in 2H2O sliced at the 13Cα and 1Hα chemical shifts of the 
residues indicated along the x-axis. Solid lines connect the sequential assignment from Thr 17 
to Ala 26 using the 13C' chemical shifts. As described previously, the HCA(N)CO experiment 
shows the correlation from the 13Cα and 1Hα to the stronger 13C'(i-1) and weaker 13C'(i) 
signals. As the HCACO experiment shows the 13C'(i) signals only, the 13C'(i-1) and 13C'(i) 
signals can be easily distinguished on the HCA(N)CO strips. In Fig. 3, all the signals needed 
for the sequential assignment, except for 13C'(i) signal of Ala 24, were detected on the 
HCA(N)CO and HCACO strips. This sequential assignment process using the 13C' chemical 
shifts was confirmed by another approach using 15N chemical shifts taken from both the 
HCAN and HCA(CO)N spectra (data not shown). 

 
 To verify the usefulness of the present assignment strategy and to assess quality of 
the NMR structure that does not resort to backbone amide protons, we examined the precision 
of the protein structure determined in 2H2O. For this purpose, the structures of the GB1 
domain dissolved in 2H2O and in H2O were calculated using the Cyana software package. For 
the sample dissolved in 2H2O, 749 cross peaks were incorporated from the 13C-edited NOESY 
spectra whereas, for the sample dissolved in H2O, 488 and 806 cross peaks were incorporated 
from the 15N-edited and 13C-edited NOESY spectra, respectively. The structures of GB1 were 
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calculated using NOE restraints obtained in the 2H2O and H2O solutions (Fig. 4). The 
structural statistics are summarized in Table 1. Surprisingly, despite a lack of distance 
restraints from the 15N-edited NOESY spectrum, the structural rmsd value of backbone atoms 
in the 2H2O solution (0.40 Å) is nearly equal to that in the H2O solution (0.48 Å). The 
structural rmsd value is generally considered to depend on the number of long- range distance 
restraints, while short-range distance restraints do not contribute to the improvement in 
structural rmsd values. As summarized in Table 1, in 2H2O and H2O solutions, 134 of 235 and 
148 of 534 upper distance limits were categorized as long-range restraints, respectively. The 
structural rmsd values of GB1 in both solutions appears to be determined by the number of 
long-range distance restraints. In the aromatic region, in particular, the number of cross peaks 
were much larger in 2H2O than those in H2O. This result shows that distance restraints derived 
from aromatic protons are essential to improving the structural rmsd because aromatic groups 
play a key role in the construction of the hydrophobic core of the protein. 

 
 Additionally, 13C-edited NOESY experiments in 2H2O solutions provide some 
practical advantages over those in H2O solutions as follow; (1) residual H2O signals does not 
interfere with NOESY cross peaks in the Cα-Hα region, (2) increases in receiver gain allow 
the detection of relatively weak NOESY cross peaks, and (3) avoidance of baseline distortion 
and artifact noise generated from incomplete H2O signal suppression allows the threshold 
level for peak picking to be lowered. Thus, it is concluded that the structure determination of 
small proteins dissolved in 2H2O is practically applicable, in spite of the lack of distance 
restraints derived from 15N-edited NOESY spectra. The present strategy also allows the 
determination of the structure of proteins at alkaline pH values. This can benefit structure 
determination by NMR since proteins are much more soluble at higher pH values. 
__________________________________________________________________________ 
(1) K. Ogura, H. Kumeta & F. Inagaki: J. Biomol. NMR 47, 243-248 (2010). 
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NMR Hydrogen exchange study of side-chain OH/SH groups in proteins 
Mitsuhiro Takeda1, Chun-Jiun Yang2, JunGoo Jee2, Akira Mei Ono3, Tsutomu Terauchi3

and Masatsune Kainosho1, 2

1 Graduate School of Science, Nagoya University, Nagoya, Japan.  
2 Graduate School of Science and Engineering, Tokyo Metropolitan University.  
3 SAIL Technologies 

Side-chain hydrogen bonds in proteins play an important role in stabilizing their structures 
and mediating their functions. Especially, slowly exchanging hydroxyl (OH) and sulfhydryl 
(SH) groups are assumed to have structurally or functionally important roles. However, there 
were no means to exclusively identify such slowly exchanging OH/SH groups in proteins. 
Here we present a new method for evaluating the hydrogen exchange rates of individual 
side-chain OH/SH groups in a protein. In this approach, the carbon atoms attached to the 
OH/SH groups are selectively enriched by 13C, and their NMR signals are observed in a 
H2O/D2O mixture, where isotopomer-resolved peaks are observed for slowly exchanging 
groups. We present the application of this method in terms of protein structure determination 
and interactions. 
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Figure 2. Observation of deuterium isotope shift effect on 
the 13C  peaks. 1H-decoupled 13C NMR spectra on 0.5 mM 
of EPPIb selectively labeled by -SAIL Tyr under 
conditions of 100% H2O, 50% H2O/50% D2O and 100% 
D2O at 40 ºC and 14.1 T. 13C  atoms attached to slowly 
exchanging OH groups gives two-line signals in H2O/D2O
(1:1) mixture. 

Figure 1. Stable isotope labeling pattern 
of -SAIL Tyr. 12C atoms are not shown in 
the figure.

EPPIb
SH OH NMR
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High-pressure NMR characterizes conformational fluctuation of 
Lys48-linked diubiquitin
Ryo Kitahara1, Takashi Hirano2, Maho Yagi2,3, Kazumi Hata1, Kazuyuki Akasaka4 and 

Koichi Kato2,3

1College of Pharmaceutical Sciences, Ritsumeikan University, Kusatsu, Japan, 2Graduate 

School of Pharmaceutical Sciences, Nagoya-City University, Nagoya, Japan, 3IMS Okazaki 

National Institute, Okazaki, Japan, 4High Pressure Protein Research Center, Kinki University, 

Kinokawa, Japan  

 
Comparisons of pressure induced changes in chemical shifts and spin-spin relaxation 

constants R2 between mono-ubiquitin and K48-linked linear diubiquitin at neutral pH, showed 

that high pressure stabilized the “open” conformation for the linear diubiquitin. In addition, 

both proximal and distal subunits exhibited the alternative form N2 under high pressure as 

observed in mono-ubiquitin. Intriguingly, the pressure induced N1-to-N2 conformational 

transition also took place in the subunits of cyclic diubiquitin which was a model of the 

“closed” form of diubiquitin. The transition into N2 taking simultaneous reorientations of the

C-terminal segment and helix could render the interfacial hydrophobic groups between the 

subunits well hydrated, resulting in the “open” conformation of linear and cyclic diubiquitin. 

We think that the open-closed motion of diubiquitin is tightly coupled with the intrinsic 

conformational fluctuation of subunits.  

 

Lys11 Lys48

NEDD8 SUMO2 E1 E2 E3
 

 
 

 

 

L5

－44－



 

 

K48
Fig. 1

 
  

15N
Closed K48 G76

3000 (20 ºC, pH6.8)
15N-HSQC 15N  

 

X closed

closed
open closed

closed open
3000

open open closed
 

C R2

N2

C
R2 open

3  

Fig.1 K48-linked diubiquitin. (Left) 
open conformation. (Right) Closed 
conformation.  
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Application of sulfobetaines to solution NMR of proteins and peptides 

○Kaori Wakamatsu1, Haimei Wang1, Kazuki Igarashi1, Ayumi Kamiya1, Masahiko 
Takahashi1, Fukuei Tezuka1, Long Xiang1, Takeshi Ishii1, Kazuo Hosoda1, Nobukazu 
Nameki1, Kenji Sugase2 
1Graduate School of Engineering, Gunma University, Kiryu, Gunma, Japan. 
2Suntory Institute for Bioorganic Research, Shimamoto-cho, Osaka, Japan. 
 
Aggregation of proteins and peptide results in low purification yields as well as poor spectral 
qualities. We previously reported that non-detergent sulfobetaines (NDSBs) are quite useful 
in protein NMR because they stabilize proteins against heat and prevent precipitation of 
protein-peptide complexes. Here we report that NDSBs are also useful for preparing protein 
and peptide samples and that NDSBs are better additives for high temperature NMR 
measurements than amino acids. We will also discuss the mechanisms whereby NDSBs 
stablize proteins and guidelines for using NDSBs in sample preparation and NMR 
measurements.  
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Allosteric Control of Environmental Sensors 

Kevin H. Gardner1

1Departments of Biochemistry and Pharmacology, University of Texas Southwestern Medical 
Center, Dallas, TX  USA 

Many biological processes are regulated by environmental cues via control of protein 
conformation, leading to functional changes.  Commonly, this is mediated by sensory protein 
domains that bind both protein targets and biochemical cofactors, using changes in the 
concentration or conformation of those cofactors to trigger allosteric changes in the sensory 
domain.  Notably, domains with the same overall structure can be extremely versatile, using 
different input stimuli and effector activities in various proteins.  

To understand the mechanisms used by these sensory domains in diverse settings, we have 
relied on solution NMR spectroscopy in combination with other biophysical and biochemical 
approaches.  One route have pursued is to compare the properties of several members of one 
family of regulatory domain: the Per-ARNT-Sim (PAS) domains, found in thousands of 
proteins found in all three kingdoms of life.  As expected, these small modules (~130 aa) 
participate in both intra- and intermolecular protein/protein interactions essential for this 
regulation.  Intriguingly, many PAS domains internally bind organic cofactors that confer 
sensitivity to various different stimuli, thus integrating sensory and regulatory functions 
within a small protein domain.  

Here I will present results from our studies of photosensory PAS domains, which utilize in 
situ laser irradiation of samples during NMR experiments to trigger a light-induced covalent 
bond formation within these proteins.  This bond formation generates protein conformational 
changes that unfold a critical alpha-helix, leading to activation of downstream effectors.  We 
have used a combination of experimental and computational approaches to further examine 
this linkage, letting us quantitatively describe how alterations in protein/cofactor interactions 
perturb the folding/unfolding equilibrium and subsequent functional state of the protein.  

In parallel, NMR, crystallographic and functional studies on PAS domains from the human 
hypoxia response system have provided a foundation for understanding how these domains 
serve within heterodimeric transcription factors.  Interestingly, these domains share several 
common features with the light-regulated systems, including ligand binding and alternative 
protein conformations, despite having completely different biological contexts.  Taken 
together, these data identify common facets of PAS-based signaling and lay the foundation for 
artificial control of these systems in the future. 
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Structure and Function of The N-Terminal Nucleolin Binding Domain of
Nuclear Valocine Containing Protein Like 2 (NVL2)

Yoshie Fujiwara1, Ken-ichiro Fujiwara2, Natsuko Goda1, Naoko Iwaya1, 3, Takeshi Tenno1,
Masahiro Shirakawa3, Hidekazu Hiroaki1, 2, and Daisuke Kohda1

1Division of Structural Biology, Graduate School of Medicine, Kobe University, Hyogo,
Japan.
2Shionogi Reserch Laboratories, Shionogi & Co. , Osaka, Japan
3Division of Molecular Engineering, Graduate School of Engineering, Kyoto University,
Kyoto, Japan.

N-terminal regions of AAA-ATPases (ATPase associated to various cellular activities)
often contain a domain that defines the specific functions of the enzymes such as substrate
specificity and subcellular localization. Thus, determination of 3D structure of N-terminal
domains of AAA-ATPases may address its molecular function. We have determined the
solution structure of an N-terminal unique domain (UD) isolated from nuclear VCP-like
protein 2 (NVL2UD). NVL2UD contains three alpha helices whose organization resembles that
of a winged-helix motif, whereas a pair of -strands is missing. The structure is unique and
distinct from other known AAA-ATPases, such as VCP (class-II) or MIT-domain of Vps4
(class-I). The domain solely exeibited nucleolar localizing activity when expressed in HeLa
cell. We also identified nucleolin from HeLa cell extract as binding partners of this domain.
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AAA-ATPase ATP
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Fig. 3 Solution structure of NVL2 unique domain. The
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shown (right).
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1. Shiozawa, K., et al., Structure of the N-terminal domain of PEX1 AAA-ATPase:
characterization of a putative adaptor-binding domain. J Biol Chem. 279 50060-50068.
(2004)

2. Takasu, H., et al., Structural characterization of the MIT domain from human Vps4b.
Biochem Biophys Res Commun. 3334 460-465. (2005).

3. Iwaya, N., et al., A common substrate recognition mode conserved between katanin p60 and
Vps4 governs microtubule severing and ESCRT-III disassembly. J Biol Chem., 285
16822-168229 (2010).

4. Iwaya, N., et al., Fine-tuning of protein domain boundary by minimizing potential coiled coil
regions. J Biomol NMR 37 53-63. (2007).

5. “Domain boundary optimizer”, http://www.mbs.cbrc.jp/coiled-coil/
6. Fujiwara, Y., et al., Structural insights of nucleolar localization signal of NVL2 by direct

interaction to nucleolin. submitted. (2010).

－57－



NMR-based structural analysis of (large) protein complexes in solution 

Tobias Madl1,2, Bernd Simon3, Frank Gabel4, Cameron D. Mackereth5, Michael Nilges6 & 
Michael Sattler1,2

1Helmholtz Zentrum München, Neuherberg, Germany; 2TU München, Garching, Germany 
3EMBL, Heidelberg, Germany; 4Institut de Biologie Structurale, Grenoble, France; 5Institut 
Européen de Chimie & Biologie (IECB), Pessac, France; 6Institut Pasteur, Paris, France 

Eukaryotic multi-domain proteins play crucial roles in the regulation of gene expression and 
cellular signalling. As their conformations often depend on dynamic domain rearrangements it 
is important to use solution techniques for their structural analysis. We have developed a 
versatile and efficient protocol for determining the quaternary structure of multi-domain 
proteins and protein complexes in solution by combining experimental data derived from 
solution state NMR as well as Small Angle X-ray and/or Neutron Scattering (SAXS/SANS) 
experiments [1,2]. Information about the relative orientation of domains or subunits is 
obtained from NMR residual dipolar couplings (RDCs). Long-range (up to 20Å) distance 
restraints are obtained from paramagnetic relaxation enhancements (PRE) using spin-labeled 
proteins and/or RNA. We demonstrate the utility of 13C direct-detected PREs in providing 
additional distance restraints that complement 1H PREs, both quantitatively as well as 
qualitatively [3]. We show that the solvent PRE data can be directly used for structural 
refinement of molecular interfaces. The RDCs, PREs (from covalent spin labels), solvent 
PREs and SAS data are jointly used for structure calculation in ARIA/CNS supplemented 
with additional information from chemical shift perturbation or biochemical data. The 
combined NMR/SAS protocol is demonstrated with a protein-RNA complex involving 
splicing factor U2AF65, but it is generally applicable also for high molecular weight 
complexes. 

In a second example, NMR structural analysis of the recognition of nuclear export cargo will 
be presented. The conformation of a 27-residue nuclear export signal (NES) peptide in a 150 
kDa export complex was determined using state-of-the-art isotope-labeling and NMR 
methods. A combination of amide and methyl proton-detected triple resonance experiments, 
1H NOESY and 13C direct detection was required to obtain chemical shift assignments and to 
determine the conformation of the peptide. In addition to few intermolecular NOEs, solvent 
PRE were used to refine the structure of peptide-protein binding interface in the 150 kDa 
protein complex. 

[1] F. Gabel, B. Simon, M. Nilges, M. Petoukhov, D. Svergun, M. Sattler, J Biomol NMR 2008, 41, 199. 

[2] B. Simon, T. Madl, C. D. Mackereth, M. Nilges, M. Sattler, Angew Chem Int Ed Engl 2010, 49, 1967. 

[3] T Madl, IC Felli, I Bertini, M Sattler J. Am. Chem. Soc. 2010, 132, 7285.
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High Field, High Sensitivity Solid-State NMR at 14T by Dynamic Nuclear 

Polarization 

Yoh Matsuki
1
, Hiroki Takahashi

1
, Keisuke Ueda

1
, Toshitaka Idehara

2
, Isamu Ogawa

2
, 

Shinji Nakamura
3
, Mitsuru Toda

3
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 We report solid-state CW DNP/NMR experiments under currently highest external field 

condition of 14.1 T (600 MHz for 
1
H frequency), which would allow increased resolution in 

NMR spectrum. To perform the experiments, we have combined a commercial 

high-resolution solid-state NMR spectrometer with a 395-GHz gyrotron oscillator, 

sub-millimeter (sub-mm) wave transmission and low-temperature gas supplier systems that 

we developed. The gyrotron generated the sub-mm wave with power output of about 40 W in 

the second harmonic TE06 mode. Sufficient amount of power for DNP (0.5-3W) was 

transmitted to the sample using a smooth-wall circular waveguide system. DNP enhancements 

of  ~10 and ~20 were achieved at 90 K and 50 K, respectively, for 
13

C-glucose in the 

presence of biradical TOTAPOL.  
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Reference:

[1] Matsuki Y., Takahashi H., Ueda K., Idehara T., Ogawa I., Toda M., Akutsu H. and 

Fujiwara T., Phys. Chem. Chem. Phys. 12, 5799- (2010) 

 
Figure 1. NMR signal of 

13
C-labeled glucose 

observed via CP with and without microwave 
irradiation. 
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Detection of photo-intermediates in retinal proteins by in-situ
photo-irradiated solid-state NMR

Akira Naito1, Yuya Tomonaga1, Tetsurou Hidaka1, Izuru Kawamura1, Takudo Nishio1,
Kazuhiro Ohsawa1, Akimori Wada2, Yuki Sudo3, Naoki Kamo4

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

Pharaonis phoborhodopsin (ppR or sensory rhodopsin II) is a negative phototaxis
receptor through complex formation with its cognate transducer (pHtrII) from Natronomonas
pharaonis, leading to the photo-induced signal transduction. We first developed an in-situ
photo irradiation system for solid-state NMR under the magic angle spinning condition. Using 
this photo-irradiation system, we could successfully irradiate green laser light (532 nm) to the 
sample in the rotor. Photo-irradiated solid-state NMR experiments were performed on [15-13C,
20-13C]retinal-ppR. In a ground state, 13C NMR signal of 20-C in retinal appeared at 13.5 ppm 
(all-trans retinal with protonated Schiff base) and the signal moved to the positions at 23.5,
22.9 and 21.0 ppm (13-cis, 15-anti retinal with deprotonated Schiff base) for M intermediate 
in the yield of 80% at -20 ºC. 

Introduction Pharaonis phoborhodopsin (ppR or sensory rhodopsin II) is a negative
phototaxis receptor through complex formation with its cognate transducer (pHtrII) from
Natronomonas pharaonis, leading to the photo-induced signal transduction. Light absorption 
of ppR initiates trans-cis photoisomerization of retinal chromophores, followed by cyclic 
chemical reactions consisting of several intermediates (K, L, M, and O). This photochemical 
reaction cycle of ppR absorbs blue light and forms K(540), L(488), M(390), and O(560)
intermediates. The M and O intermediates are thought to be active states. We therefore
attempted to trap the M photo-intermediate to gain insight into the mechanism of signal
transduction.

Experimental We first developed an in-situ photo irradiation system for solid-state NMR
__________________________________________________________________________

NMR
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under the magic angle spinning condition. In-situ continuous photo-irradiation was made by 
an optical fiber from outside the magnet through a tightly sealed piece of cap made of glass 
rod glued to the zirconia rotor. Using this photo-irradiation system, we could successfully 
irradiate green laser light (532 nm) of 5 mW to the sample in the rotor. Since the life time of 
M intermediate is much longer than those of the other intermediates (Fig. 1A), it is, therefore,
expected to be trapped an M intermediate under continuous photo-irradiation condition in the 
solid-state NMR experiments. In-situ photo irradiated NMR signals were acquired by means 
of CP-MAS method with the spinning frequency of 4 kHz.

Results and Discussion Photo-irradiated solid-state NMR experiments were performed on 
[15-13C, 20-13C]retinal-ppR at 0 ºC (Fig. 1B) and -20 ºC (Fig. 1C). In a ground state, 13C
NMR signal of 20-C in retinal appeared at 13.5 ppm (all-trans retinal with protonated Schiff 
base) and the signal moved to the positions at 22.4 ppm (13-cis, 15-anti retinal with
deprotonated Schiff base) for M intermediate at?0 ºC. It was noted that at least three
distinctive M intermediates were appeared at (23.5, 22.9, 21.0) ppm in ppR at -20 ºC (Fig. 
1C). The yields of the M-intermediates were 40% and 80% at 0 and -20 ºC, respectively. This 
difference can be attributed to the life time of the M-intermediate whose life time at low
temperature is longer that at high temperature. It is of interest to point out that the single line 
was observed for the M-intermediate at 0 ºC, while the multiple lines were observed at -20 ºC .
This can be attributed to the existence of the several different interactions between the retinal 
and protein. The M intermediates were also trapped for [15-13C, 20-13C]retinal-ppR/pHtrII
complex and the 13C NMR signals were appeared at 21.3 and (23.5, 22.4, 21.3) ppm at 0 ºC
and -20 ºC, respectively. It was noted that the signal of M intermediate for ppR was slightly 
different from those for ppR/pHtrII complex. This observation also showed that the
interaction between retinal and protein of ppR is different from that of ppR/pHtrII complex.

In summary, we have successfully observed the M intermediates with several
distinctive M states by in-situ photo-irradiated solid-state NMR. 

Figure 1. A. Photo cycle of ppR. Life time of the M-intermediate is 1.7 sec. B. 13C NMR spectrum of 
ppR. Top spectra show those in the light and dark and bottom spectra show the difference spectra
between light and dark at 0 ºC. C. Same as B at -20 ºC.

A B C
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NMR and MRI in Chemistry and Biomedical Physics & Engineering: 
My Research Profile of 43 Years in University 

Hideaki Fujiwara 

Department of Medical Physics and Engineering, Division of Health Sciences, Graduate 
School of Medicine, Osaka University, 1-7 Yamadaoka, Suita, Osaka 565-0871 Japan.  

As everybody knows who is engaged specially in NMR studies, first reports have appeared in 
1946 in Phys. Rev., where NMR has been reported for the first time using condensed matter as 
samples. Since then NMR has made extraordinary developments in Physics, Chemistry, 
Biology, Medicine and other related different fields. I was born in the same year of 1946, and 
I fortunately experienced a lot of interesting studies in university. First I engaged in the NMR 
study of carbanion, organometallic compounds which present as anions in solution, in Nagoya 
Institute of Technology to take the degree of bachelor in 1969, and then intermolecular 
interactions such as hydrogen bonding in solution were main subject of the research in 
Graduate School of Tohoku University to take the Ph.D (1974). Since then NMR has always 
attracted me in every possible way, although I moved to Faculty of Pharmaceutical Sciences 
(1976) and to Faculty of Medicine (1995) in Osaka University.  
  Sensitivity enhancement has long been a continuing target of research in NMR although the 
substantial method has changed with the times. For example, the sensitivity has been 
increased with the times in the history of NMR as the result of improvement in the electronic 
circuit of RF detection and amplification, use of high field magnet, introduction of new 
detection mode such as the pulsed-FT mode, and so on. Advances in this area can be seen in a 
special session of NMR Sensitivity Enhancement  in the 42nd Annual NMR Symposium in 
Japan (2003, Osaka).  Recent topic in this area may be the hyperpolarized nuclei which are 
produced by the photo-pumping or DNP technique where electromagnetic wave such as laser 
or micro/submilli-wave is utilized to polarize  the spin state extraordinarily.   
  In recent 10 years the author has engaged in hyperpolarized noble gas NMR/MRI that 
includes development of the home-built polarizing equipment and applications to 
supramolecular solution chemistry and animal imaging, which still drives me to the pursuit of 
more interesting story in the near future. 
  Above NMR studies will be summarized in the presentation, expressing sincere gratitude 
for all of my colleagues and students as well as the members of domestic/international NMR 
Societies who have encouraged me in every way.  
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Protein structure determination using orientation induced  
TROSY shift changes 

Shin-ichi Tate1,2 
1Dept. Mathematical and Life Sciences, Hiroshima University, Japan. 

2SENTAN/JST, Japan. 

Abstract 
As an extended application of the anisotropic spin interactions observed in solution, we have 
been studying the feasibility of the TROSY shift changes induced by weak alignment as 
alternative structural parameters to the residual dipolar couplings (RDCs). To take full 
advantage of TROSY in measuring the backbone 1H-15N peaks for large proteins, particularly 
in high magnetic field, we focus on the use of the amide signals. The use of TROSY shift 
changes requires a priori values for the 15N chemical shift anisotropy (CSA) tensors in 
determining molecular alignment tensor, which gave some drawbacks in using TROSY 
application for this purpose. In this presentation, I will give practical protocols to use TROSY 
shift changes in determining molecular alignment tensor, whose values are practically 
compatible to those by the RDC. Some of the applications will be also described.  

The use of anisotropic spin interactions in solution NMR, which was made possible 
by introducing techniques to weakly align a protein against the magnetic field. The use of the 
residual dipolar couplings (RDCs) has expanded NMR application to a various types of 
protein structural works, which include not only structural refinement but also structural 
prediction, validation and dynamics in a wider range of time scales over that seen by nuclear 
spin relaxation. In structural biology on large proteins or protein complexes consisting of 
subunits, the RDC-based analyses on domain or subunit arrangements are the most 
remarkable applications. Some researches in this line have been reported. In spite of the 
successful application of the RDC-based approach for determining the morphology of protein 
or protein complexes, this should have molecular size limitation that comes from the rapid 
transserve relaxation of the anti-TROSY components. This size limitation can be somewhat 
impaired by using the combinatorial use of HSQC and TROSY signals, which gives half 
values of the RDCs, or so-called J-scaling TROSY experiment that modulates scalar coupling 
contributions to TROSY chemical shifts, where a combination of the J-scaled and intact 
TROSY signals give scaled RDCs. Although these approaches can expand the size limit, to 
which the RDC-based analysis can be applied, they never fully take advantage of the TROSY 
Keywords: TROSY, chemical shift anisotropy, protein structure 
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characteristics. To further expand the size limitation in the protein morphological analyses, 
we should solely rely on the intact TROSY spectra to gain the molecular alignment tensor. 
 Under the motivation above, we have proposed the TROSY based alignment tensor 
analysis approach, DIORITE (Determination of the Induced ORIentation by Trosy 
Expeiments)(1,2). The two major drawbacks are pointed in this approach. One is the small 
values of the TROSY shift changes, TROSY, induced by weak alignment. This comes from 
the co-linearity between N-H bond vector and the least shielded CSA tensor axis, 11, in a 
peptide plane. Another is this approach requires a priori 15N CSA tensor values, which vary 
according to the local structure affected by torsion angle, hydrogen bonding, and so forth. 
Actually, their exact values are hardly to know a priori. Because of the significant variation in 
the 15N CSA tensor values, the application of the 15N RCSAs has been limited in use, 
although the 13C carbonyl RCSAs are commonly used due to their less dependency on the 
local structure.  
 As a remedy for the small magnitudes of TROSY, we carefully tuned the 
acrylamide gel conditions, which include the gel concentration, mesh sizes, and gel shapes to 
be inserted into a sample tube. Based on many case studies on a various proteins in different 
sizes and shapes, we got an empirical rule to optimize the gel conditions according to the size 
and shape of protein. Overall, the alignment strength should be tuned have somewhat greater 
manunitude than that used for the RDC measure to gain reliable data, because an average 

TROSY value is almost half of the RDC in magnitude.  
 The problem comes from 15N CSA variation was partly solved by using the 
secondary structure specific 15N CSA values, which values are easily obtained from solution 
experiments on a small proteins using weak alignment, although the determination of the 
residue specific 15N CSA values are not trivial. We found some improvement in the quality of 
the alignment tensor, which was judged as the identity to the corresponding tensor from the 
RDC, by using the secondary structure specific 15N CSA tensors determined on 15N labeled 
ubiquitin(3). Recently Bax and co-workers have reported the residue specific 15N CSA tensors 
on GB3 protein using elaborate experiments using mutants that align differently in bicelles(4). 
Using the calculated secondary structure specific 15N CSA tensors from Bax’s set of 15N CSA 
values for GB3, the quality of the alignment tensor by DIORITE was further improved.  
 In the presentation, we are going to show the details in the experimental protocols 
and optimization of the DIORITE experiments. We are going to also describe the structure 
refinement using the DIORITE restraints or the pseudo CSA restrains originally introduced by 
Bax in DNA structural refinement(5). 
 
References 
 
1. Kurita, J.-i., Shimahara, H., Utsunomiya-Tate, N., and Tate, S.-i. (2003) Journal of Magnetic 

Resonance 163, 163-173 
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Structure determination of the helical 7-transmembrane receptor sensory 
rhodopsin

Daniel Nietlispach, Antoine Gautier, John P. Kirkpatrick, Helen R. Mott, Mark J. Bostock 

Department of Biochemistry, University of Cambridge, Cambridge, United Kingdom. 

Close to one-third of all the proteins in the genome are targeted to the various cellular 
membrane compartments of organisms where they fulfill their function as receptors, 
transporters, channels, electrical and photo-transducers and others. Due to their easy 
accessibility at the cell surface these proteins present more than 50% of all the existing drug 
targets in humans. But in view of their abundance membrane proteins are structurally still 
strongly underrepresented. Currently there are only about 250 unique membrane protein 
structures deposited in the PDB of which 30% are of eukaryotic origin with the remaining 70% 
being prokaryotic. For integral membrane proteins the -helical type is more prevalent and 
while predominantly being bitopical it is the large group of polytopical proteins, which are least 
explored. In particular the seven-helical integral membrane proteins (7TM) have shown to be 
particularly elusive to structure determination. Here the G protein-coupled receptors represent 
the largest family of seven-helical TM proteins and despite recent spectacular achievements 
through X-ray crystallography they remain notoriously difficult to study.  
 We have been interested in the application of solution NMR spectroscopy methods 
towards the structure determination of seven-helical systems. We use the 7TM phototaxis 
receptor sensory rhodopsin pSRII as a model to demonstrate the feasibility of such studies by 
means of solution NMR spectroscopy. For the first time we present the full 3D structure 
determination of a 7TM receptor using NMR spectroscopy. The size of the protein-detergent 
micelle complex under investigation is on the order of 70 kDa. The quality of the pSRII 
structure ensemble is outstanding (backbone root mean squared deviation of 0.48 Å). Based on 
what we have learnt with pSRII we consider the success of similar NMR structural studies 
using other 7TM proteins such as GPCRs and see an encouraging future ahead.  

L15

－68－



－69－



Probing cancer cell signaling by NMR: structure, interaction, and kinetics 

of the small GTPase cycle 

Christopher B. Marshall, Mohammad Mazhab-Jafari, David Meiri, Geneviève M.C. 
Gasmi-Seabrook, Jason Ho, Robert Rottapel, Vuk Stambolic, and Mitsu Ikura

Division of Signaling Biology, Ontario Cancer Institute and Department of Medical 
Biophysics, University of Toronto, Toronto, Ontario, Canada, M5G 1L7 

The Ras superfamily small GTPases play crucial roles in a variety of physiological 
processes including normal cell growth and tumourgenesis. To study the mechanisms and 
kinetics of the intrinsic and GAP-catalyzed GTPase activities, we developed an NMR-
based assay to directly probe the conformation of the small GTPase Rheb during these 
reactions, which enabled us to examine the reaction kinetics in real time and in a site-
specific manner (Marshall et al. Science Signaling 2009). We have further developed this 
NMR methodology to monitor nucleotide exchange reactions and perform GEF assays, 
and have applied it to other small GTPases including RhoA and Ras (Mazhab-Jafari et al., 
J. Biol. Chem. 2009; Gasmi-Seabrook et al. J. Biol. Chem. 2009).  More recently we have 
established protocols for using the NMR approach to characterize the GAP and GEF 
activities present in extracts of mammalian cells. These NMR studies offer a wide range 
of useful applications in which NMR can be used as a read-out method of cell biology 
experiments.  Combining structural, dynamic, and interaction studies of the proteins 
involved in the signaling processes, we can grasp a more precise and accurate picture of 
what could go wrong when these signaling proteins are genetically altered. The talk will 
review our recent studies on mutation analyses of oncogenic Rheb and Rho signaling 
processes as well as other cancer signaling systems we have studied thus far (Supported 
by CCSRI and CRS). 
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Chemical shifts and dipolar couplings: how can they help? 

Justin Lorieau, Nick Fitzkee, Alex Grishaev, John Louis, Yang Shen, and Ad Bax

Laboratory of Chemical Physics, NIDDK, NIH, Bethesda, MD 20892, USA 

NMR chemical shifts provide important local structural information for proteins. Consistent 
structure generation from NMR chemical shift data has recently become feasible for proteins 
with sizes of up to 130 residues, and such structures are of a quality comparable to those 
obtained with the standard NMR protocol.  Further enhancements in empirically derived 
relations between chemical shift and protein structure, together with small angle X-ray 
scattering data, hold promise to extend protein structure determination to systems much 
larger than can be studied using conventional approaches. 
Study of membrane protein structure by solution NMR frequently poses particular challenges, 
as the rotational correlation time for such systems in the presence of the requisite detergents 
often is much longer than for water soluble proteins of comparable size.  The protein and 
detergent choice are usually optimized for generating conditions that yield the optimal NMR 
spectral properties, preferably allowing complete spectral assignments and permitting the 
measurement of numerous RDCs.  With the above mentioned novel computational 
approaches, the chemical shifts are yielding increasing structural restraints, while use of 
DNA-based liquid crystals in addition to stretched acrylamide gels permit the measurement 
of accurate RDCs. Application is demonstrated for the fusion domains of hemagglutinin. 
RDCs and relaxation measurements provide in micelles and bicelles provide important 
information on the dependence of structure and dynamics on the lipophilic environment. 
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Automated protein structure determinations from minimal sets of spectra 
using FLYA

Teppei Ikeya1,2, JunGoo Jee3, Yoshiki Shigemitsu1, Jumpei Hamatsu1, Masaki Mishima1,
Yutaka Ito1, Masatsune Kainosho3,4 and Peter Güntert 2,3,5

1 Graduate School of Science, Tokyo Metropolitan University, Tokyo, Japan 
2 Institute of Biophysical Chemistry, Goethe-University Frankfurt, Frankfurt am Main, 
Germany
3 Center for Priority Areas, Tokyo Metropolitan University, Tokyo, Japan 
4 Structural Biology Center, Nagoya University, Nagoya, Japan 
5 Frankfurt Institute of Advanced Studies, Goethe-University Frankfurt, Frankfurt am Main, 
Germany

The complete automation of protein structure determination is one of the challenges of 
biomolecular NMR spectroscopy that has, despite early optimism, proved difficult to achieve. 
The unavoidable imperfections of experimental NMR spectra, and the intrinsic ambiguity of 
peak assignments that results from the limited accuracy of frequency measurements, turn the 
tractable problem of finding the chemical shift assignments from ideal spectra into a 
formidably difficult one under realistic conditions. A purely computational algorithm (FLYA) 
was published that is capable of determining three-dimensional protein structures on the basis 
of uninterpreted spectra without manual interventions. Here, we will show that fully 
automated analyses of the spectra can yield protein structures using a minimal number spectra, 
and discuss the feasibility of using exclusively NOESY data. 

L18

－76－



1) Ikeya, T., Takeda, M., Yoshida, H., Terauchi, T., Jee, J., Kainosho, M. & Güntert, P.,
Automated Structure Determination of SAIL Ubiquitin Using the SAIL-FLYA System, J.
Biomol. NMR 44, 261-272 (2009)

2) Ikeya T., Terauchi T., Güntert P. and Kainosho M., Evaluations of stereo-array isotope 
labeling (SAIL) patterns for automated structural analysis of proteins with CYANA., Magn. 
Reson. Chem, 44, S152-S157 (2006).

3)  López-Méndez, B. & Güntert, P. Automated protein structure determination from NMR 
spectra. J. Am. Chem. Soc. 128, 13112-13122 (2006).

Figure 1. SAIL ubiquitin (A) and TTH17118 (B) structures
obtained using exclusively NOESY spectra for chemical shift 
assignment and structure calculation (ribbon model)
superimposed on the conventionally determined NMR solution 
structure (cylinder model). Figure produced with the program 
MOLMOL. 

(A) (B)
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Development of labeling strategies and pulse sequences suitable for 
structural analyses of large proteins 

Koh Takeuchi1, 2, Hideo Takahashi1, 3, Ichio Shimada1, 4, Gerhard Wagner2

1BIRC, AIST, 2Harvard Med. Sch., 3Grad. Sch. Nanobiosic., Yokohama City Univ., 4Grad. Sch. 
Pharm. Sci., The Univ. of Tokyo  

Sequence specific back-bone assignments typically use uniform 13C/15N labeling with 
1H-detected triple resonance experiments. However, fast relaxation of 1H nuclei hinders the 
application of 1H-detected experiments for higher molecular weight systems or signals close 
to paramagnetic centers. To overcome these problems 13C-detected experiments have been 
used. However, direct 13C detection is complicated due to the scalar couplings causing 
crowded spectra and reducing sensitivity due to splitting peaks into multiplets. Here we 
present the use of 13C-12C alternate labeling in 13C-detected triple-resonance experiments to 
overcomes one bond 13C-13C coupling by isotopic enrichment at alternating carbon sites. The 
carbon-detected experiments suitable for the labeling schemes, such as NCA and 13C -13C
TOCSY will also be discussed.     
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Takeuchi K, Wagner G et al.  
2D NCA: J Am Chem Soc. (2008), 130, 17210  
3D CANCA: J Am Chem Soc. (2010), 132, 2945 
2D CACA-TOCSY  J Biomol NMR. (2010), 47, 55  

Fig. 1:Schematic representation of (A) uniform 
15N13C labeled and (B) alternate 13C-12C labeled 

protein 

Fig. 3: CACA-TOCSY experiment 

Fig. 2: 13Cdirect detection experiment suitable for 

13C-12C alternate 13C-12C labeling: (A)NCA, (B)CANCA 
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Processing relaxation dispersion data with a new software GLOVE 

Kenji Sugase1, 2, Jonathan C. Lansing2, and Peter E. Wright2 
1Suntory Institute for Bioorganic Research, Osaka, Japan.  
2The Scripps Research Institute, California, USA.  

Relaxation dispersion NMR spectroscopy is a very powerful technique to quantitate protein 
dynamics. It can characterize site-specific chemical (conformational) exchange processes in 
proteins on s ms time scales. A problem is, however, that it is difficult to fit relaxation 
dispersion data with existing software because 1) the theoretical equations of the relaxation 
dispersion are complicated, 2) there are a number of local minima of the objective functions, 
resulting in wrong parameters, and 3) some parameters should be fitted globally, for example, 
exchange rates and populations of adjacent residues. Here, we report a new software package 
called GLOVE (Global and Local Optimization of Variable Expressions) coded using C++. 
GLOVE utilizes Levenberg–Marquardt algorithm for non-linear least square fitting, and can 
fit R1, R2 relaxation data and R2 dispersion data.  

C++
GLOVE  
GLOVE Levenberg–Marquardt

XMGR

R2

Luz-Meiboom equation Ishima-Torchia equation
Carver-Richards equation Levenberg–Marquardt
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Fig 1. R2 dispersion data analyzed by GLOVE: an application to coupled 

folding and binding processes of an intrinsically disordered protein.1)  
 
1) Kenji Sugase, H. Jane Dyson, Peter E. Wright, Nature 447, 1021-1025 (2007) 
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Structural analysis of model peptides from crystalline domain of Bombyx mori silk 
fibroin using solid state NMR 

Yu Suzuki, Tatsuya Ogawa and Tetsuo Asakura 
Department of Biotechnology, Tokyo University of Agriculture and Technology, Japan  

The structure of the model peptide (AGSGAG)5 from the crystalline domain of Bombyx mori 
silk fibroin was studied using solid-state NMR. The local structure for each Ala residue was 
determined from 13C CP/MAS NMR spectra of ten different [3-13C]Ala-(AGSGAG)5 peptides 
differing in their 13C labeling positions. The highest field peak of the Ala C  carbon (16.7
ppm) assigned to a distorted -turn and/or random coil changes significantly depending on the 
13C labeling position. In addition, the local structure of each Ser residue was obtained from 
REDOR experiments of [1-13C]Gly-Ser-[15N]Gly by assuming the distance of random coil 

-sheet. By combining the structural information on Ala and Ser residues from solid state 
NMR, and statistical mechanical calculation, the probable lamella structures of (AGSGAG)5
in the solid state were obtained. The effect of the introduction of Ser residue was also 
discussed on the basis of 13C solid state spin-lattice relaxation time observation.  

(Ala-Gly)n

Silk II NMR sheet-turn-sheet

49% (Ala-Gly-Ser-
Gly-Ala- Gly)
Ala Ser

(Ala-Gly-Ser-Gly-Ala-Gly)5
13C CP/MAS

13C-15N REDOR
Fmoc 9M LiBr

Silk II

(AGSGAG)5

Ala13C (AGSGAG)5
13C CP/MAS NMR

Ala distorted -turn random coil(16.7 ppm

NMR
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Figure 1 Fractions of distorted 
-turn and/or random coil of 

(AGSGAG)5 as a function of 
different positions (black).  
The corresponding relative 
intensities of (AG)15 were also 
shown for a comparison (gray) 

Figure 2  Typical lamellar 
structure of (AGSGAG)5 with 
distorted -turn marked by yellow 
circle.  
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11 19
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(AG)15 (Figure 1 )

20% turn
sheet-turn- 

sheet  

(AGSGAG)5 turn 1 2
147

fitting
 

Figure2
(AGSGAG)5 turn 2

-sheet 8 11
Gong 2

AFM TEM 8

 
 

(AGSGAG)5SilkII SerC
(AGSGAG)5

13C - T1C SerC T1C 2
T1C

T1C

40 60%
Ser Frazer X 3

(AG)n (AGSGAG)m

random coil Ser OH

[1] Asakura, T. et al.; J. Am. Chem. Soc., 2007, 129, 5703-5709.  
[2] Gong, Z. et al.; Chem. Comm., 2009, 7506 
[3] Frazer, D. et al., J. Mol. Biol., 1965,11,706-712. 
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Solid-State NMR Studies on Molecular Interactions in Lipid Rafts 
Nobuaki Matsumori, Toshiyuki Yamaguchi, Yoshiko Maeta, Tomokazu Yasuda, Hiroki 

Okazaki, Tohru Oishi, and Michio Murata
Department of Chemistry, Graduate School of Science, Osaka University, Toyonaka, Japan.  
 
Lipid rafts are membrane domains rich in sphingolipids, such as sphingomyelin (SM), and 
cholesterol (Chol), and are assumed to play essential roles in biological processes such as 
signal transduction and cholesterol shuttling. However, details on the molecular recognitions 
in lipid rafts have yet to be elucidated. To reveal the structure basis of raft formation, we are 
taking three approaches; 1) determination of SM orientation in lipid bilayers by analyses of 
2H quadrupolar couplings, dipolar couplings and chemical shift anisotropies; 2) conformation 
analysis of SM using bicellar system; and 3) analysis of molecular interactions for SM-SM 
and SM-Chol using REDOR method. Based on the results, we will propose a possible 
molecular mechanism in forming lipid rafts. 
 

(SM, Fig. 1) (Chol, Fig. 1)

SM (CSA) 2H
SM

SM SM
13C 19F SM Chol REDOR

SM-SM
SM-Cho

SM Fig. 2
SM CSA, 2H

order parameter

, ,  
 

 

N
O

HO

P
O

OO
C13H27

NH
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C17H35

O
Sphingomyelin (SM) Cholesterol (Cho)  

Fig. 1. Structures of sphingomyelin (SM) and cholesterol
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SM SM

NMR NOE 3JHH

SM (Fig. 3) SM
SM  

 
 

 
Fig. 4 SM

Chol REDOR 19F SM

 

 
Fig. 4. Combinations of labeled SM-Chol and SM-SM for REDOR experiments. 

 
Fig. 2. Orientation determination of SM amide and olefin planes in 
lipid bilayers using various isotope-labeled SMs. The orders of acyl 
chain were also evaluated using sitespecifically-2H-labeled SMs. 

 
 
Fig. 3. Partial conformation 
of SM determined by NOE 
and 3JHH in isotropic bicelle 
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Noise and Signal in NMR 

K. Takegoshi1, 2 
1Department of Chemistry, Graduate School of Science, Kyoto, Japan.  
2CREST, JST, Japan.  
 
Two methods for sensitivity enhancement and denoise in NMR are presented. One is a signal 
analysis method on the basis of phase correlation between NMR signals and excitation pulse.  
This what we shall call phase-covariance analysis is compatible with the conventional signal 
accumulation and apparent gain of signal-to-noise ratio is demonstrated. The other approach 
(APodization after Receiver-gain InCrement during Ongoing sequence with Time 
(APRICOT)) is to reduce the digitization noise for a given dynamic range; the receiver gain is 
dynamically increased to use as many number of bits as possible for all FID points. Before FT, 
the apodization that compensates the effect of the time-dependent gain is applied to restore 
the original profile.  
 
  NMR (phase-covariance analysis)

(APRICOT)
 

 

 
 

1 
(signal-to-noise ratio; SNR)

X Y -X -Y
artifact

 
KBr 13C MAS

3600 a A)  
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 Fig. 1 Phase-covariance 
analysis; before (a) and after (b). 
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DISK MAS: High-resolution solid-state NMR of a thin-film on a spinning 
disk at the magic-angle 

Munehiro Inukai1, and Yasuto Noda1

1 Graduate School of Science, Kyoto University  

We present a new technique on magic-angle spinning (MAS) nuclear magnetic resonance 
(NMR) for a thin-film on a substrate. With the conventional spinning module, a thin-film on a 
circular substrate of 12 mm diameter was spun together with the MAS rotor at 5 kHz, and 
NMR signals of the thin-film was detected with an outer solenoid coil. We demonstrate 27Al 
MAS NMR of a thin-film aluminum (thickness: 2 m) and 7Li MAS NMR of a thin-film
LiCoO2 (thickness:200 nm). This work opens the door for high-resolution solid-state NMR of 
functional thin-film devices, such as a thin-film lithium-ion secondary battery, a thin-film 
solar cell, and a thin-film organic electroluminescence. 

Figure 1. A schematic description of 
DISK MAS. A substrate-holder (a)
adhering a substrate (b) is attached on 
top of a 4 mm MAS rotor (c). A RF 
coil (d) is located around a thin-film
deposited on a substrate. The RF coil 
is connected to a single resonant 
circuit (not shown in this figure).
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[1] H. Janssen, A. Brinkmann, E.R.H. van Eck, J.M. van Bentum and A.P.M. Kentgens, J. Am. 
Chem. Soc. 128, 8722 (2006). 

Figure 2. 27Al MAS spectra of (a) a thin- 
film aluminum with approximate thickness 
of 2 m using the DISK MAS (acquisition 
time ~ 12 h, 0: 78 MHz r: 7.4 kHz), and 
(b) bulk aluminum using a conventional 
MAS probe (acquisition time: 20 s, 0: 78 
MHz r: 7.4 kHz). To spin the rotor, the 
bulk aluminum was mixed with KBr. 
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1, Univ. Minnesota2 1, 1, 1, 
Michael Garwood2, Edward J. Auerbach2 

 
Mechanisms of T2 relaxation of tissue water in human brain 

(Natl. Inst. for Environmental Studies1, Univ. Minnesota2) 
F.Mitsumori1, H.Watanabe1, N.Takaya1, M. Garwood2, EJ Auerbach2 

 

Transverse relaxation time T2 of the water molecule in human brain is utilized for 
disease diagnosis as well as for functional mapping of the brain. We recently found that 
the apparent transverse relaxation rate R2† (= 1/T2†) of tissue water in human brain is 
well described as a linear combination of the regional non-hemin iron concentration [Fe] 
and the macromolecular mass fraction fM (= 1 – water fraction), R2† = [Fe] + fM +  in a 
wide range of the static field B0. The B0 dependent change in each coefficient of , , and 
 suggested a unique mechanism for contribution of iron and macromolecules. 

 
T2 MRI

T2

4.7T R2
† = 1/T2

† [Fe]
fM R2

† = [Fe] + fM + (1)
1.5 7T (1)

MRI Varian Inova 1.5T, 1.9T, 4.7T Siemens
Magnetom Trio 3T, 7T 1.9, 4.7, 7T TEM 1.5, 3T
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TE 26 156ms

R2
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1.5T 1.9T 3T 4.7T 7T T2† T2†
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Fig.1. T2† maps of human brain at (a) 1.5T, (b) 1.9T, (c) 3T, (d) 4.7T, and (e) 7T. 
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Fig.2. Observed R2
† in 6 brain regions at 

1.5T( ), 1.9T( ), 3T( ), 4.7T( ), and 7T( ) 
plotted against the regional [Fe]. Solid lines 
show calculated values using equation (1). 
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[1] Mitsumori F, Watanabe H, Takaya 
N, , Magn. Reson. Med., 62, 1326 (2009). 
[2] Mitsumori F, Watanabe H, Takaya N, 
Garwood M, Magn. Reson. Med., 58, 
1054 (2007). 
[3] Gossuin Y, Roch A, Muller RN, Gillis 
P, Bue FL, Magn. Reson. Med., 58, 1054 
(2007).48, 959 (2002) 
 

Fig. 3. B0 dependence of  

Fig. 4. B0 dependence of  
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Application of hetero-correlation methods toward promotion of effective use of plant biomass  

Jun Kikuchi1,2,3, 4, Yasuhiro Date1,3, Kenji Sakata3, Shinji Fukuda3,5, Eisuke Chikayama1,3

1RIKEN PSC, 2RIKEN BMEP, 3Yokohama City Univ., 4Nagoya Univ., 5RIKEN RCAI 

Humans have been received enormous benefit from ecosystem services since the 
beginning of our histories. Plant biomass is the most typical beneficial chemical 
products from ecosystem services, however, “biomass recalcitrance” is critical issue to 
overcome for effective use in our city-life and industries. Here, we will discuss our 
strategy for characterization of plant biomass based on hetero-correlation methods, 
statistically calculated between NMR and other –omics like data matrices. 

38

1)

5F

2)

 

Fig.1. Concept of our strategy for efficient use of plant 
biomass by analysis of environmental metabolic 
systems based on hetero-correlation methods, such as
microbiota (x) – metabolites (y). Left illustration is 
altered from ref.3.
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Fig.2. One of example for our hetero-correlation methods in the 
analysis of metabolic dynamics between metabolites (x) and gut 
microbiota (y). These figures are altered from ref.7. 
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15NNMR

Oxygen Reduction Activity of Pyrolyzed Polypyrroles studied by 15N Solid-State NMR

Shigeki Kuroki 
Dept. of Organic and Polymeric Materials Tokyo Institute of Technology, Ookayama, 
Meguro-ku, Tokyo 152-8552 Japan

15N labeled polypyrrole is prepared as a precursor of N-doped carbon catalysts and is 
pyrolyzed at several different temperatures in a nitrogen atmosphere.  The oxygen reduction 
reaction is evaluated and solid-state 15N NMR and XPS spectra of the samples are measured. 
The relationship between oxygen reduction activity and the chemical structure, combined 
with principal component analysis is discussed.   The iron-free pyrolyzed polypyrrole 
samples display quite poor catalytic activity for oxygen reduction, whilst the iron-containing 
pyrolyzed polypyrrole samples display better oxygen reduction activity. Using principal 
component analysis of the XPS and 15N solid-state NMR spectra, it is found that most 
pyridinic, quaternary, and pyridinium-like or pyrrolic nitrogen atoms in the samples are not 
related to oxygen reduction reaction.  However, the samples which contain a larger 
proportion of some particular type of pyridinic nitrogen atoms show a higher activity for the 
oxygen reduction reaction.   

 [ ] PEFC

PEFC

ORR

ORR
1964 Jasinski

1

ORR

, 15N NMR
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ORR 2,3

4,5

XPS NMR

[ ] Zelenay Co-Polypyrrole-Carbon composite Co-PPy-C
ORR

PPy 15NNMR 15N
2 FeCl3 APS

PPyFe PPyA PPy
1 700 900

PPyFe 700
PPyFe700
[ ] 1

PPy
ORR

1
PPyFe PPyA ORR

ORR
PPyFe900

Table 1 Eonset and current density at 0.5 V of pyrolyzed PPys

Sample Eonset* (V) Current density at 0.5 V(mA cm-2)

PPyFe700 0.75 -0.453

PPyFe800 0.74 -0.432

PPyFe900 0.76 -0.796

PPyA700 0.55 -0.036

PPyA900 0.58 -0.044

* defined as the voltage at which a reduction current density of -10 A cm-2 is observed.

Table 2 Elemental mass composition plus the H/C and N/C atomic ratios of PPyFe and PPyA samples 

pyrolyzed at various temperatures

Sample C H N H/C (atomic ratio) N/C (atomic ratio)

PPyFe700 80.32 1.49 15.97 0.22 0.17

PPyFe800 72.27 1.10 12.34 0.18 0.15

PPyFe900 76.95 0.85 10.29 0.13 0.11

PPyA700 64.61 1.28 11.92 0.24 0.16

PPyA900 75.91 0.85 10.28 0.13 0.12

2

C/N 2 1 ORR
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Solid-state NMR Analysis of Coordination Environment of Al in 
Al-MCM-41 and related catalyst materials

Toshikazu Takahashi1 , Katsuyuki Iwanami1, Shigenobu Hayashi2, Toshiyasu Sakakura1,
and Hiroyuki Yasuda1

1Research Institute for Innovation in Sustainable Chemistry, AIST, Ibaraki, Japan.  
2Research Institute for Instrumentation Frontier, AIST, Ibaraki, Japan.  

Al-MCM-41(Si/Al = 20, d = 2.8 nm) shows exceptionally high activities to cyanosilylation and 
some related reactions of carbonyl compounds among silica-alumina catalysts.  We have 
found a positive correlation between the catalytic activity and the Al[VI] contents in the 
different Al-MCM-41’s of various pore diameters. This fact suggests that the Al[VI] is the active 
site or its precursor. Recently, Bell and their coworkers proposed that wide-opened Al[IV] sites 
in zeolites with large pore size, such as Beta or H-USY, show reversible Al[IV] / Al[VI] 
interchange accompanying association / dissociation of two coordination water molecules. 
Each the 27Al MQMAS NMR spectrum of Al-MCM-41 and H-Y zeolite has shown a Al[VI] signal 
having large PQ values ( 6.2 MHz, 8.2 MHz, respectively). Thus an Al[VI] site in Al-MCM-41 
being more distorted than that of H-Y was found; that possibly be the active site precursor. 
 

Al-MCM-41
[1,2]

NMR
Al-MCM-41 NMR Al[VI]

Na+ H+ Al[IV] Al[VI]

Al[VI] 1H-27Al 
FSLG HETCOR Al[VI]

PQ 6-7MHz
Al-MCM-41 Al[VI] [3]  

Bell Beta H-USY Al[IV]

Al Al[IV] Al[VI]

Scheme [4,5] Al[VI]

MQMAS
Al-MCM-41 Al[VI] H-Y PQ  
27Al MQMAS NMR, , 1H-27Al FSLG HETCOR 
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Al-MCM-41 Si/Al = 20
[1] H-Y Tosoh HSZ-320NAA (Si/Al 

= 2.3, Na+ ) 1 M NH4Cl aq. 
550  / 12 h NMR AVANCE 400 WB
4 mm 1H-X BB MAS

50 1
MQ-MAS 3 z-filter

50 ms F2 FID128
States Shearing 2D  

1 Al-MCM-41 H-Y MQMAS 2D
Al[IV] Al[VI] 1 2

F1 F2 iso PQ 1  

PQ Al[VI]

1
Al[IV]

Al-MCM-41 H-Y

1.6 
min-1 6.7 10-4 min-1

[1]

H-Y
Al[IV] H-Y

PQ Al(III)
Al-MCM-41 Al[VI] H-Y

PQ Al[VI]

1H-27Al FSLG HETCOR 6-7 MHz

MQMAS

NEDO  
 

 Iwanami, Choi, Lu, Sakakura, Yasuda, Chem. Commun., 1002 (2008). [2] Iwanami, Sakakura, Yasuda, Catal. 

Commun., 10, 1990 (2009). [3] 450 (2010). [4]  Bokhoven, Koningsberger, Kunkeler, 

Bekkum, Kentgens, J. Am. Chem. Soc., 122, 12842 (2000). [5] Drake, Zhang, Gilles, Liu, Nachimuthu, Perera, Wakita, Bell, 

J. Phys. Chem. B, 110, 11665 (2006). 

Al[IV]a Al[IV]b Al[VI]a Al[VI]b

Al-MCM-41 iso (ppm) 58.4 68.6 - 2.8 

PQ (MHz) 3.6 6.8 - 8.2 

H-Y iso (ppm) 64.0 4.3 7.2 1.2 

PQ (MHz) 72.8 8.6 5.3 6.2 

 Fig. 1. 27Al 3Q-MQMAS spectra of Al-MCM-41(left) and H-Y(right). 3 

Pulse (z-filter) conditions with 2.4 s (183 kHz) - t - 0.7 s, 20 s (4.7 

kHz), was applied. Sample rotation: 12.5 kHz  

Scheme. Reversible coordination number 

change that will provide the active site. 

Al[IV]
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Al[VI]
b 

Al[IV]
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Al[VI]
a 

Al[VI]
b 

Al[IV]
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b 

Table 1. Summary of NMR Parameters obtained from Fig. 1
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