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ランタノイドプローブを用いたタンパク質複合体の
立体構造解析
○斉尾智英 1、横地政志 2、久米田博之２、稲垣冬彦 2

1北海道大学大学院生命科学院、2北海道大学大学院薬学研究科

PCS-based structure determinations of protein-protein complexes

○ Tomohide Saio1, Masashi Yokochi2, Hiroyuki Kumeta2, Fuyuhiko Inagaki2

1Graduate School of Life Science, Hokkaido University, and
2Graduate School of Pharmaceutical Sciences, Hokkaido University

A simple and fast method for protein-protein docking using pseudo-contact shifts 

(PCSs) and 1HN/15N chemical shift perturbation data is presented. The PCSs are induced by a 

paramagnetic lanthanide ion that is fixed to the target protein using a lanthanide binding 

peptide tag attached via two linking points. The 1HN/15N chemical shift perturbation data is 

transformed into contact-surface restraints, that is, highly ambiguous intermolecular distance 

restraints. The method is demonstrated with p62 PB1-PB1 complex, which forms 

front-to-back 20kDa of homo-dimer. The monomer structures were treated as rigid bodies and 

docked using backbone PCSs and backbone chemical shift perturbation data.

 

【序論】
 NMR によるタンパク質複合体の立体構造解析においては、シグナル帰属や分子間
NOE 取得などが困難となる場合が多い。そのような場合、ランタノイドプローブか
ら得られる PCSや RDCなどの距離・角度情報が有用になる。常磁性ランタノイドイ
オンを対象タンパク質に結合させることで、ランタノイドイオンを中心として約 40 Å

以内という広範囲におけるタンパク質原子の位置情報を得ることができる。カルシウ
ムなどの金属イオンを結合するタンパク質に対してはランタノイドイオンと内在性
イオンを置き換えることでランタノイドプローブが応用可能であるが(1)、他の一般的
なタンパク質に対してはランタノイドイオンをタンパク質に固定化するタグ
(Lanthanide Binding Tag: LBT) が必要である。私たちは、ランタノイド結合ペプチド
をタンパク質に 2点で固定することによって、より強固にランタノイドイオンを固定
できる LBTを開発した(2)。今回はさらに、2点固定化 LBTを用いたランタノイドプ
ローブを応用し、p62 PB1ホモダイマーの立体構造決定を行った。p62はオートファ

key words: 常磁性ランタノイド, ランタノイド結合タグ, pseudo-contact shift

○さいお ともひで、よこち まさし、くめた ひろゆき、いながき ふゆひこ
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ジーにおける選択的タンパク質分解に関わるマルチドメインタンパク質である。p62

は C末端の UBAドメインを介してユビキチンを認識することによりユビキチン化さ
れたタンパク質を選択的に結合し、N末端の PB1ドメインを介した自己会合により多
量化し、巨大な変性タンパク質凝集体を形成する。PB1 ドメインを介した多量化は、
凝集体の形成だけではなく凝集体のオートファゴソームへの移行においても重要で
あることが明らかになっている。本研究では p62 PB1ドメインの保存された相互作用
残基に対してアミノ酸変異を導入することで多量化を抑制し、1:1 のダイマーを形成
するコンストラクトを作成した。LBTにより固定化されたランタノイドイオンからの
PCSデータと、主鎖アミドシグナルの化学シフト摂動データを用い、p62 PB1単体構
造をドッキングすることによって複合体構造を決定した。
【手法】
A) コンストラクト作成

p62 PB1 domain に は
OPCA モチーフから構成さ
れる酸性面と、保存されたリ
ジン残基から構成される塩
基性面が存在し、両者の結合
によって自己会合がおこる
(3)。本研究では、OPCAモチ
ーフと塩基性面のそれぞれ
にアミノ酸変異を導入し、
DR変異体(D67A/D69R)とKE

変異体(K7E/R94A)を作成し
た(Fig. 1)。DR+KE が 1:1 の
ダイマーを形成することを
分析超遠心により確認した。
B) LBTの 2点固定化

DR変異体に対して、次のような手順で LBTを 2点固定化した(2)。① DR変異体
表面にシステインを導入し、ランタノイド結合ペプチド(CYVDTNNDGAYEGDEL)を
N 末端に融合したコンストラクトを作成する。これを以降 LBT-DR と呼ぶ。 ②
LBT-DRを発現・精製したのち、TEV proteaseにより消化して LBTの N末端システイ
ンを露出させる。 ③ DTNBにより酸化し、LBT N末端のシステインと DR変異体表
面のシステインとをジスルフィド結合によって架橋する(Fig.1)。
C) 構造計算

DR変異体単体の立体構造を rigid-bodyとして扱い、PCSデータと結合面の情報に
基づいて Xplor-NIHを用いたドッキング計算を行った。DRを固定し、KEをランダム

Fig. 1 Schematic overview of the preparation of the LBT-DR and 
the KE.
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な位置に配置した 100個の座標を発生させ、そこから束縛条件を加えて構造計算を行
った。結合面の情報は、LBT-DR/KE複合体形成に伴う KEの主鎖アミドシグナルの化
学シフト変化から取得した。化学シフト変化が 0.5 ppm以上であった KE中の残基が
結合面を構成していると規定し、それらの残基中の原子が DR中のいずれかの原子と
近づくように制限を加えた。実際には、KE 中の特定の原子と DR 中の全原子との間
の NOE 制限として扱い、原子間の距離 r の-6 乗平均に対して距離制限を適用した。
r-6平均を用いることで、数個の原子対タンパク質中の全原子という曖昧な距離制限を
加えることを可能にしている。

15N LBT-DR/unlabeled KE または unlabeled LBT-DR/15N KE それぞれに対して 1等
量のランタノイド(LuCl3, DyCl3, TbCl3, ErCl3, TmCl3)を滴下し、1H-15N HSQCスペクト
ルを測定して PCSを観測した。数種のアミノ酸選択 15Nラベルサンプルを用いてスペ
クトルを簡略化し、PCS の帰属の補助に用いた。構造計算に PCS データを用いるた
めには DRに対するランタノイドイオンの座標を求める必要がある。そこで、磁化率
テンソル計算プログラム numbatを用い、Dy3+, Tb3+, Er3+, Tm3+の 4種の常磁性ランタ
ノイドから観測される PCSデータに基づいてイオンの位置を決定した。
【結果・考察】
 Xplor-NIHを用い、Tb3+と Tm3+滴下時に観測された計 459個の PCSと、化学シフト
摂動マッピングから得た結合面の情報に基づいてドッキング計算を行った(Fig. 2)。 
PCS の isosurface は対象性を持ち、磁化率テンソルの主軸を中心に 180°回転させた
isosurfaceはもとの isosurfaceと重なる(Fig. 3)。そのため、1つの PCSデータセットか

らは 4 個の縮退した解が得ら
れる。本研究では、PCSデータ
に加えて結合面の情報を導入
することで縮退を解消し、収束

Fig. 2 The docking structure of the DR/ KE complex. 
Ensemble of 10 lowest energy structures is displayed. These 
structures have an average backbone RMSD of 0.31 Å

Fig. 3 Isosurface induced by Tb3+.
The principal axes of the Δχ-tensor 
are overlayed.
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した解を得ることを可能にしている。
 決定された立体構造の妥当性を評価するため、DR-KE間の分子間 NOEを観測した。
15N2H LBT-DR/unlabeled KEに対して N-NOESYを測定し、LBT-DR主鎖アミドプロト
ンと KE側鎖プロトンの間の NOEを取得した。KEと DRの結合界面に存在する残基
間から数十個の NOE が観測され、それらはいずれもドッキング構造と矛盾しなかっ
た。また、最安定構造に対する PCS の相関をとったところ、実験値と計算値はよく
対応していた(Fig. 4)。PB1-PB1複合体形成に
は OPCA-motif と保存されたリジンの静電的
相互作用が重要であるが、今回決定した p62

PB1 複合体構造においてもKEのOPCA-motif

と DR の保存されたリジンが向かい合ってお
り、他の PB1と同様の結合様式であると考え
られる。
 一般的に、NMRによるタンパク質の立体構
造解析のためには主鎖・側鎖シグナルの帰属
や NOE取得が必要となり、解析に時間を要す
る。高分子量タンパク質やその複合体を対象
とした場合、帰属や分子間 NOEの取得にはさ
らに困難になる。本研究では、主鎖アミドか
ら観測される PCS データと化学シフト摂動データに基づいて単体構造をドッキング
することで、複合体の構造決定をより迅速に行うことができることを示した。これま
で、PCSなどの常磁性プローブはヘムタンパク質やランタノイドイオンを結合できる
一部の金属結合タンパク質に対してのみ応用されているだけだった。今回私たちは、
タグを用いてランタノイドイオンを固定化することで、金属イオンを結合しない一般
的なタンパク質に対してもランタノイドプローブに基づいた立体構造解析が可能で
あることを示した。
【参考文献】
(1) Pintacuda G, Park AY, Keniry MA, Dixon NE, Otting G (2006) Lanthanide labeling offers 

fast NMR approach to 3D structure determinations of protein-protein complexes. J Am 
Chem Soc. 2006 128:3696-3702

(2) Saio T, Ogura K, Yokochi M, Kobashigawa Y, Inagaki F. (2009) Two-point anchoring of a 
lanthanide-binding peptide to a target protein enhances the paramagnetic anisotropic 
effect. J Biomol NMR 44:157-166

(3) Saio T, Yokochi M, Inagaki F. (2009) The NMR structure of the p62 PB1 domain, a key 
protein in autophagy and NF-κB signaling pathway. J Biomol NMR in press. 

Fig. 4 Comparison between experimental 
and back-calculated PCS of backbone 
amide protons observed for LBT-LR/KE, 
in complex with Tb3+.
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Structural analyses of 45 kDa protein kinase using NMR spectroscopy 
Naoya Tochio1, Seizo Koshiba1, 2, Shigeyuki Yokoyama1, 3, Yoon Ho Sup4, and Takanori 

Kigawa1, 5

1RIKEN Systems and Structural Biology Center, Kanagawa, Japan. 
2Graduate School of Nanobioscience, Yokohama City University, Kanagawa, Japan. 
3Graduate School of Science, University of Tokyo, Tokyo, Japan. 
4School of Biological Sciences, Nanyang Technological University, Singapore. 
5Interdisciplinary 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 the 
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 successfully applied the 
cell-free protein synthesis system to produce the highly deuterated samples, the amino 
acid-selective labeled samples, and the Stereo-Array Isotope Labeling (SAIL) samples.  As 
for the NMR methods, in addition to the combination 
of the TROSY techniques and the various 
multidimensional experiments, we tried to measure 
the Residual Dipolar Coupling (RDC) and the 
Paramagnetic Relaxation Enhancement (PRE).  We 
will discuss general aspects of structure determination 
of proteins with the large molecular weight by using 
NMR spectroscopy.   

Figure 1. Signaling pathway of 
VRK1.
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Figure 2. 1H,15N TROSY-HSQC spectrum measured using 
Bruker 900 MHz spectrometer with cryoprobehead. 
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Effects of non-detergent sulfobetaines on the dynamic structure of proteins

Kaori Wakamatsu1, Haimei Wang1, Ayaka Matsui1, Ayumi Kamiya1, Seri Kato1, Nobukazu

Nameki1, and Kenji Sugase2

1
Graduate School of Engineering, Gunma University, Gunma, Japan.

2
Suntory Institute for Bioorganic Research, Osaka, Japan.

Aggregation of proteins is one of major bottlenecks in structure analyses of proteins by NMR

and X-ray crystallography as well as in the production of biopharmaceuticals such as clinical

monoclonal antibodies. Although several different classes of small chemicals that protect

proteins from aggregation and denaturation are known, the stabilizing mechanisms have not

been made clear for all compounds; the elucidation of the stabilization mechanisms would

facilitate the design of better stabilizers. Non-detergent sulfobetaines (NDSBs), used as

crystallization helpers, have been shown to stabilize many proteins under various conditions.

We previously showed that NDSB-195, one of NDSBs, is useful also for NMR measurements

of several proteins and that NDSB-195 does not affect static and fast (ns-µs) dynamic

structures of acidic fibroblast growth factor. Because NDSBs were suggested to affect the

slow (~ms) chemical exchange motions of several proteins, dynamic structures of KIX-87

were investigated by relaxation dispersion analysis. The effects of other stabilizers on NMR

measurements were also analyzed.

µ

NDSB, Dynamics, Stabilization
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T2
2D CT-PRESS

Quantitative 2D Constant Time PRESS in human brain 
by T2 correction using 2D FT of shared time domain data 

Hidehiro Watanabe, Nobuhiro Takaya, Fumiyuki Mitsumori 
National Institute for Environmental Studies

A fast T2 correction and quantitation method on CT-PRESS spectra using 2D FT of shared 
time domain (TD) data is proposed. Spectra with varied Tct were generated by reconstruction 
of several partial TD data having shared area with other partial TD data. Then, T2 was 
calculated by curve-fitting of peak volumes on these spectra. T2 of Cr singlets by this method 
was in good agreement with T2 by conventional method using 1D spectra. After coil-loading 
factors were considered by the internal water reference method in quantitation protocol, 
concentration of glutamate in human brain was calculated as 8.0 mM which is in good 
agreement with reported values. 

1L6
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Fig. 1. A schematic of a 
proposed T2 measurement 
method on highly resolved 
CT-PRESS spectra. 

Fig. 2. Comparison between proposed T2 measurement method 
on CT-PRESS spectra and the conventional method on 1D 
spectra. T2 of Cr peak was calculated. 
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高圧力 NMR法によるライム病のワクチン候補蛋白質

OspAの立体構造揺らぎ

○北原亮 12、Alana Simorellis3、横山茂之 245、小出昌平 6、赤坂

一之 27

1立命館大・薬、2理研播磨、3ユタ大・化学、 4理研・生命分子システム、5東大院理、
6シカゴ大・生化学分子生物、7近畿大・高圧力蛋白質研究センター

Intermediate conformer of the Lyme disease vaccine candidate OspA 
probed with variable pressure NMR spectroscopy
Ryo Kitahara12, Alana Simorellis3, Shigeyuki Yokoyama245, Shohei Koide6, Kazuyuki 
Akasaka27

1Pharm, Sci. Ritsumeikan Univ., 2RIKEN-Harima, 3Dep.Chemi.Univ. Utah, 4RIKEN SSBC, 
5Univ. Tokyo, 6Dep.Bichem. & Mol. Biol. Univ. Chicago, 7High Pressure Protein Research 
Center Kinki Univ.

Outer surface protein A (OspA) from Borrelia burgdorferi consists of a unique single-layer 
-sheet structure sandwitched by two globular domains and is involved in the transmission of 

Lyme disease from the host tick to the uninfected mammal. To find a link of its unique 
conformation to the mechanism of infection, here we study the stability and the 
conformational fluctuations of OspA using 15N/1H two-dimensional NMR spectroscopy under 
pressure perturbation. We found that the unique folded structure (N) fluctuates with a 
hinge-like motion ( <<ms) in the middle of the non-globular single-layer -sheet. In addition, 
the folded structure undergoes a major conformational transition ( >ms) with a large volume 
decrease (-140 ml/mol) to a single, peculiar intermediate (I), in which about two thirds of the 
polypeptide chain in the C-terminal side is unstructured with the rest of the molecule largely 
intact. The uniqueness of the conformation and its relatively low free energy (32 kJ/mol above 
N) suggests that conformer I be identified with the putative high-energy conformer involved 
in the bacterial infection.

[序論] 高圧力ＮＭＲ法は、約 3500 気圧までの高圧力下で溶液ＮＭＲ測定を可能に

する手法であり、これまでに 20 以上の球状蛋白質について測定が行われ、複数の蛋

白質について天然状態を逸脱した準安定状態の存在を明らかにした。この手法を、大

変ユニークな連続的βシート構造を持つ 31 kDaの蛋白質に適応した例を紹介する。

Key word: Pressure, Intermediate, Vaccine

○きたはらりょう、アラナ シモレリス、よこやましげゆき、こいでしょうへい、あ

かさかかずゆき
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Borrelia burgdorferi 由 来 の Outer 

surface protein A (OspA, 31 kDa)は、ア

メリカを中心に流行しているライム病の感

染に関わる蛋白質である。 Borrelia 

burgdorferi は、ダニによる媒介によりヒ

トを含む哺乳動物に感染する。細菌表面蛋

白質である OspAは、その N末端に修飾され

た脂質を介して細菌の細胞膜に結合している。OspAの C末端ドメインはダニの腸管表

面の受容体を認識する機能を持ち、Borreliaがダニの腸管内で共棲するためにこの機

能が必須であると考えられている。また OspA は細菌感染の初期に働くためライム病

のワクチンとして利用されたが、副作用の問題が生じたため安全性の高いワクチンが

望まれている。

OspAは 21本の逆平行のβストランドを有し、Ｃ末端に唯一のαへリックスを有す

る。Ｎ末端とＣ末端は球状ドメインであり、それを繋ぐ中央には非球状の露出したβ

シート構造が存在する。OspAの構造安定性については、ライム病ワクチン候補として

の観点で意味があり、これまでに小出らにより熱測定や様々な分光学的研究がなされ

てきた。

[結果と考察] 0.1 MPa-250 MPa（313 K）までの範囲で 1D-1H-NMR、2D-TROSY測定

を行った。150MPaまでの加圧とともに 1H及び 15Nで明確な化学シフトの変化が観測さ

れた。特に、Ｎ及びＣ末端球状ドメインを繋ぐ中央βシート領域の一部( 7－ 9)では、
平均を大きく逸脱するシフトが観測されたことから、ミリ秒より速い時間スケール

( <<ms)でこのβシート領域をヒンジとした構造揺らぎが存在することが示唆された。
さらに 150 MPa-250 MPaでは、加圧とともに一部のピークについて信号強度の減少と

変性状態由来の多数の信号が観測された。このことから N末端ドメイン（ 1－ 7）は
その立体構造を保持するものの、中央βシートと受容体及び抗体結合部位を含む C末

端ドメイン（ 8－ 21）の構造は壊れることが分かった。また TROSYスペクトルの
中央部に分離した尖鋭な信号が複数生じていることから、転移の時間スケールはミリ

秒より十分遅い( >ms)と考えられる。この結果は、OspAは天然構造と変性構造の他に、
中央βシート領域とC末端ドメインが変性した局所変性構造との化学平衡状態にある

ことを意味する。圧力下で安定化された局所変性構造は、これまでに重水素交換 NMR

法により示唆された各ドメインの安定性と良い一致を示した。局所変性構造では、受

容体認識部位を含む150残基以上が変性しアームの如く伸びることにより広い範囲で

の受容体認識を可能にしていると推測される。またＮ末端ドメインから独立した安定

性を示す中央βシート領域－C末端ドメインは、抗体結合部位を含むフォールド可能

な領域であることから不活性化ワクチンとしての候補となりうる。
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Structural Studies of Membrane Proteins Using NMR Experiments on Bicelles

Ayyalusamy Ramamoorthy

Biophysics and Department of Chemistry, University of Michigan, Ann Arbor, MI, USA

Recent studies have shown that NMR spectroscopy is becoming a powerful 
technique to determine the atomic-level resolution structure of membrane proteins. A

number of successful NMR approaches and model membranes have been reported.  We 
are developing solid-state NMR methods to study the structure, dynamics, and topology 

of several membrane proteins and peptides that are embedded in carefully chosen 
model membranes. High-resolution experimental results obtained from magnetically 
aligned bicelles containing uniformly labeled transmembrane proteins, cytochrome b5 

with and without cytochrome P450, will be presented along with results from MAS 
experiments.1-3 Advantages of using rotating-frame and laboratory-frame NMR 
techniques, and spectral editing techniques, will also be presented. New approaches to 

study the membrane interaction of unstable amyloidogenic peptides will also be 
presented.  

References

1) U. H. N. Dürr, K. Yamamoto, S.-C. Im, L. Waskell, and A. Ramamoorthy, J. Am. 
Chem. Soc., 129, 6670 (2007). 
2) U. H. N. Dürr, L. Waskell, and A. Ramamoorthy, BBA Biomembranes 1768, 3235-

3259 (2007).
3) J. Xu, U. H. N. Dürr, S-C. Im, Z. Gan, L. Waskell, and A. Ramamoorthy, Angew. 
Chem., 47, 7864-7867 (2008). 

Figure 1: Cartoon 
model of the full-
length form of Cyt-b5 
and Cyt-P450. A 
cross-section of the 
soluble domains of 
Cyt-b5 (PDB code: 
1CYO) in grey and 
Cyt-P450 (PDB code: 
1PO5) in green is 
shown. The space-
filling model in red 
represents the heme 
groups. 
domain. 
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Allosteric Effects on Ubiquitin Ligase Activity by a Novel E2 Binding Region: 

Integration of NMR, Crystallography, and Molecular Biology

Ranabir Das1, Jennifer Mariano2, Yien Che Tsai2, Ravi Kalathur3, Jess Li1, Robert McFeeters1,

Amanda Altieri1, Xinhua Ji3, Allan M. Weissman2, R. Andrew Byrd
1. 1Structural Biohpysics 

Laboratory; 2Laboratory of Protein Dynamics and Signaling; and 3Macromolecular 

Crystallography Laboratory, CCR, NCI, Frederick, MD, USA.21702-1201

The ubiquitin ligase gp78 is an important regulator of 

endoplasmic reticulum-associated degradation 

(ERAD) and has been linked to metastasis in 

sarcomas. gp78 is a polytopic RING finger E3 that 

functions in cells with the ERAD E2, Ube2g2, and is 

characterized by an intriguingly complex domain 

structure for a single subunit E3. In addition to its 

RING finger, the extended cytoplasmic C terminal tail 

of gp78 includes a ubiquitin-binding CUE domain. 

Our examination of both of these domains by NMR 

spectroscopy reveals structures similar to previously 

described members of these families. A unique feature 

of gp78 is a discrete Ube2g2 binding region (G2BR) located near the C terminus of the protein 

that binds Ube2g2 with high specificity and affinity and that is required for the function of gp78 

in cells. Our studies reveal a complex physical and functional interaction between the G2BR and 

Ube2g2. The G2BR not only has the capacity to bind Ube2g2 but to also stimulate ubiquitination 

by Ube2g2 and a truncated gp78 lacking endogenous G2BR when the G2BR is provided ‘in 

trans’. We have characterized the biophysics of the G2BR:E2 interaction via calorimetry and 

determined the binding site via NMR and x-ray crystallography. The G2BR is unfolded in 

solution and adopts an alpha-helical topology and an extensive interaction interface when bound 

to Ube2g2. The interaction surface is identical in solution (by intermolecular NOESY data) and 

the crystal structure. Our structural and binding studies reveal G2BR-induced alterations in 

Ube2g2 interactions with the gp78 RING that suggest a mechanistic explanation for the 

enhanced activity observed with the G2BR. Further, we have determined that increased activity 

can also be observed specifically with Ube2g2 when other RING finger domains are employed in 

ubiquitination reactions. These findings provide new mechanistic insights into E2-RING finger 

function and suggest that binding of E2s by discrete domains, independent of their E1 and RING 

finger interaction sites, may provide a general mechanism for regulating their function. This 

suggests a previously unappreciated mechanism by which ubiquitylation can be regulated. It is 

possible that other pairs of E2s and E3s interact through domains, which have yet to be 

characterized, that are similar to the gp78 G2BR and its corresponding binding site on its E2. 

This introduces the possibility of entirely new therapeutic avenues in cancer and other diseases.
Current work is exploring the design of modulators of these interactions.
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From Structural Chemistry to Structural Biology
Fuyuhiko Inagaki

Graduate School of Pharmaceutical Sciences, Hokkaido University

N12, W6, Kita-ku, Sapporo 060-0812, Japan

In 1972, I joined the laboratory of Prof. Tatsuo Miyazawa at the Department of 

Biophysics and Biochemistry, Faculty of Science, University of Tokyo, as a PhD student 

and started a structural study of biomolecules using NMR. I was interested in the 

structural information involved in the pseudo-contact shift induced by paramagnetic 

lanthanide ions, and I was able to determine the structure and conformational 

equilibrium of mononucleotides. In 1976, a Bruker WH270 was installed in Prof.

Miyazawa’s laboratory and I concentrated on the structural and functional studies of 

neurotoxins from snake venoms and the enzymatic mechanism of RNase T1 using NMR.

As a Japanese Ramsay Fellow, I stayed at Oxford from 1979 to 1981, working with Prof.

R. J. P. Williams, and here I continued the neurotoxin work especially working on the 

dynamic aspects. After I came back from Oxford, I joined the Toray Research Center

and started the application of 2D NMR to the structural determination of natural 

products. In 1986, I moved to the Tokyo Metropolitan Institute of Medical Sciences as a 

section chief of Molecular Physiology, where I determined the chemical structures of 

glycolipids using two dimensional NMR. I proposed a non-empirical method using both 

TOCSY and NOESY to determine the sequence of sugar chains. Together with the

glycolipid work, I started to determine the structure of EGF using 2D NMR, where the

work of three groups including us reported essentially the same EGF structure. This

showed the value of NMR as a objective method to determine protein structures. After 

the EGF work was completed, I started an HFSP project in collaboration with Dr. J.

Schlessinger and Dr. A. Ullrich in 1990 which led me into the structural biology of 

signal transduction. The NMR structures of SH3 domains and complexes with their 

target peptides revealed their roles in the signal transduction. In 1998, I organized a

research group of “Protein-protein interaction in intracellular signal transduction”

supported by a Grant-in-Aid for Scientific Research on Priority Areas from the Japan 

Ministry of Education, Science and Culture. I stressed the communication among 

researchers from different fields including structural biology, molecular biology, and 

cellular biology. In 1999, I moved to the Graduate School of Pharmaceutical Sciences, 

Hokkaido University as a professor of Structural Biology and started X-ray

crystallography as well as I continued NMR. This expanded my research field, and I

studied protein structures to reveal whole biological systems. I studied the structural

biology of NADPH oxidase in neutrophil in collaboration with Prof. H. Sumimoto of 

Kyushu University, the structural biology of innate immunity related to the IRF-3

production system with Prof T. Fujita of Kyoto University, and the structural biology of 

autophagy with Prof Y. Ohsumi of the National Institute of Basic Biology. I enjoyed 
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fruitful results in these subjects and benefitted from the human relations we established.

I have spent my time doing research from the beginnings of and all the way to 

the maturation of structural biology. I have been enjoying science challenges with my 

students and collaborators and I am proud that many young scientists were brought up 

in my laboratory: Prof. D. Kohda (Kyushu Univ.), Prof. Ichio Shimada (Tokyo Univ.),

Prof. H. Terasawa (Kumamoto Univ.), Prof. S. Tate (Hiroshima Univ.), Prof. J. M. 

Lancelin (Lyon Univ.), Dr. H. Hatanaka (Tokyo Univ.), Dr. S. Ichikawa (Japan Women’s

Univ.), Dr. K. Nagata (Tokyo Univ.), Dr. K. Ogura (Hokkaido Univ.), Dr. S. Yuzawa 

(Kyushu Univ.) and Dr. N. Noda (Hokkaido Univ.) are among these, along with other 

young students.

Inagaki F, Miyazawa T. NMR Analyses of Molecular Conformations and Conformational 

Equilibria with Lanthanide Probe Method. Prog Nuclear Magn Reson Spectrosc., 14, 67-111
(1981)
Inagaki F, Shimada I, Miyazawa T. Binding modes of inhibitors to ribonuclease T1 as studied 

by nuclear magnetic resonance. Biochemistry., 24, 1013-1020 (1985)
Kohda D, Go N, Hayashi K, Inagaki F. Tertiary structure of mouse epidermal growth factor 
determined by two-dimensional 1H NMR. J Biochem (Tokyo), 103, 741-743 (1988)

Kohda D, Hatanaka H, Odaka M, Mandiyan V, Ullrich A, Schlessinger J, Inagaki F. Solution 
structure of the SH3 domain of phospholipase C-gamma. Cell., 72, 953-960 (1993)
Terasawa H, Kohda D, Hatanaka H, Tsuchiya S, Ogura K, Nagata K, Ishii S, Mandiyan V, 

Ullrich A, Schlessinger J, Inagaki F. Structure of the N-terminal SH3 domain of GRB2 
complexed with a peptide from the guanine nucleotide releasing factor Sos. Nat Struct Biol., 1, 
891-897 (1994)

Ichikawa S, Hatanaka H, Takeuchi Y, Ohno S, Inagaki F. Solution structure of cysteine-rich 
domain of protein kinase C alpha. J Biochem (Tokyo), 117, 566-574 (1995)
Hatanaka H, Ogura K, Moriyama K, Ichikawa S, Yahara I, Inagaki F. Tertiary structure of 

destrin and structural similarity between two actin-regulating protein families. Cell., 85, 
1047-1055 (1996)
Yuzawa S, Yokochi M, Hatanaka H, Ogura K, Kataoka M, Miura K, Mandiyan V, Schlessinger 

J, Inagaki F. Solution structure of Grb2 reveals extensive flexibility necessary for target 
recognition. J Mol Biol., 306, 527-537 (2001)
Takahasi K, Suzuki NN, Horiuchi M, Mori M, Suhara W, Okabe Y, Fukuhara Y, Terasawa H, 

Akira S, Fujita T, Inagaki F. X-ray crystal structure of IRF-3 and its functional implications.
Nat Struct Biol., 10, 922-927 (2003)
Ogura K, Nobuhisa I, Yuzawa S, Takeya R, Torikai S, Saikawa K, Sumimoto H, Inagaki F.

NMR solution structure of the tandem Src homology 3 domains of p47phox complexed with a 
p22phox-derived proline-rich peptide. J Biol Chem., 281, 3660-3668 (2006)
Kobashigawa Y, Sakai M, Naito M, Yokochi M, Kumeta H, Makino Y, Ogura K, Tanaka S, 

Inagaki F. Structural basis for the transforming activity of human cancer-related signaling 
adaptor protein CRK. Nat Struct Mol Biol., 14, 503-510 (2007)
Noda, N.N., Ohsumi, Y., Inagaki, F. Atg systems from the protein structural point of view

Chem. Rev., 109, 1587-1598 (2009)
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"The choreography of an enzymeʼs dance”

Dorothee Kern

Department of Biochemistry and Howard Hughes Medical Institute, Brandeis 

University, Waltham, MA, 02454

The synergy between structure and dynamics is essential to the function of biological 

macromolecules. While this is a widely accepted concept, key questions remain: Have 

proteins evolved so that substates necessary for activity are preferable accessible?  How 

do motions on different timescales relate to each other and contribute to biological 

function? How can a protein interconvert among folded substates but avoid unfolding at 

the same time? What are the molecular pathways for conformational transitions? How 

does the energy landscape relate to protein function?

The talk will address these questions. We will quantitatively characterize the energy 

landscape of a signaling protein and reveal how its features explain allosteric activation. 

New insights into the transition state of the conformational switch are presented.

Second, the energy landscape of an enzyme both during catalysis and in the absence of 

substrates is being characterized, which allows identification of dynamics that are 

linked to enzyme catalysis. 

Both examples illustrate that motions in folded proteins are not random but 

preferentially follow the pathways, which create the configuration capable of proficient 

function. This situation is analogous to protein folding, which is biased so as to sample 

only a small portion of the energy landscape. The expansion of the concept of non-

random sampling of conformational space for efficient biological function from folding 

to conformational rearrangements within the folded space combines both phenomena 

through the energy landscape. The timescale and amplitude of motion were 

characterized by a combination of NMR relaxation, x-ray, single molecule FRET 

experiments and molecular dynamics simulations. Finally, the hierarchy in space and 

time for proteins is discussed. The linkage between three different “tiers” of dynamic

timescales: (i) Thermally driven, fast (ps), local atomic fluctuations, (ii) faster (ns) 

motions of whole segments and (iii) larger amplitude, collective, slower motions (µs-

ms), the time-scale of catalysis is characterized.
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Developement of Hyperpolarized Noble Gas NMR/MRI: Efficient Polarizer 
and Characterization of Porous Materials 

Mineyuki Hattori1, Takashi Hiraga1, Nobuhiro Hata1, Kikuko Hayamizu1, Ryo Tanaka2,
and Norio Ohtake2

1 National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan.  
2 Toyoko Kagaku Co.,Ltd., Kawasaki, Japan.  

129Xe NMR techniques have been applied to probe porosity of mesoporous materials and the 
pore size is known to relate with the chemical shift. Since the Van der Waals radius of Xe is 
known to be 0.216 nm, the possible pore size to adsorb xenon should be larger than 0.4 nm in 
diameter. Then the mean pore diameters ranging from 0.4 to 300 nm are the possible target to 
show the relationship experimentally. We have developed an apparatus to produce the laser 
induced hyperpolarized (HP) Xe gas and tried to apply it to a self-assembled porous silica 
sample, which is known as a candidate of low-dielectric constant materials for interconnects 
in future ultra-large scale integrated circuits.  
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Structure and dynamics of proteins at work inside cells 

Yutaka Ito1,2, Junpei Hamatsu1, Tomomi Hanashima1, Masaki Mishima1,2,
Tsutomu Mikawa3, Markus Wälchli4, Brian O. Smith5, Masahiro 
Shirakawa2,6 Teppei Ikeya1,7 and Peter Güntert1,7

1Department of Chemistry, Tokyo Metropolitan University, Japan; 2CREST/JST; 3Research
Group for Bio-supramolecular Structure-Function, RIKEN; 4Bruker BioSpin, Japan; 
5Division of Biochemistry and Molecular Biology, University of Glasgow, UK; 6Department 
of Molecular Engineering, Kyoto University, Japan;  5Institute of Biophysical Chemistry, J. 
W. Goethe-University Frankfurt, Germany. 

Abstract
In-cell NMR spectroscopy yields multi-dimensional NMR spectra of macromolecules in 

living cells1,2.  For the first time we have determined the 3D structure of a protein 
exclusively on the basis of information obtained in living cells3.  This approach provides the 
tools that will permit the effects of molecular crowding in the cytosol and the conformations 
of proteins to be investigated in living cells. 

In this presentation the efficiency of the key methods for this success, rapid data collection 
using nonlinear sampling and selective protonation at methyl groups to enable the 
identification of unambiguous long-range NOE interactions, will be discussed.  We also 
present our recent applications of in-cell NMR to Thermus thermophilus HB8 TTHA1718 and 
Streptococcus protein G B1 domain in living E. coli cells. 

Introduction 
Proteins in living cells work in an extremely crowded environment where they interact 

specifically with other proteins, nucleic acids, co-factors and ligands.  In vivo observations 
of 3D structures, dynamics and interactions of proteins are required for fully understanding 
the structural basis of their functions inside cells.  The non-invasive character of NMR 
spectroscopy and its ability to provide data at atomic resolution make NMR ideally suited for 
the task.  Recently, these advantages of NMR spectroscopy have been combined to obtain 
information about the conformation and dynamics of biological macromolecules inside living 
cells3.  In order to overcome problems caused by the instability and the low sensitivity of 
living cell samples, we used rapid measurement of the 3D NMR spectra by nonlinear 
sampling of the indirectly acquired dimensions and maximum entropy data processing 
(MaxEnt), which have not however been used widely, in particularly, for NOESY-type 
experiments.  Here we evaluated the effect of the artefacts arising by employing nonlinear 
sampling and MaxEnt processing to 3D NOESY-type spectra by calculating structures from 
distance restraints obtained in simulated 3D NOESY spectra with various nonlinear sampling 
points.

Results and Discussion 
 The simulated raw data were reconstructed from real 3D 13C-separated and 15N-seprated

NOESY-HSQC spectra, which were used for the structure determination of TTHA1718 in
vitro.  The original 3D raw data have 512, 128 and 32 complex points for t3 (1H), t1 (1H) and 
t2 (13C or 15N) dimensions, respectively.  Total six pairs of simulated NOESY spectra were 

Key words: in-cell NMR, nonlinear sampling, maximum entropy processing, selective 
methyl protonation, protein structure 
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processed.  The analysis of 
NOE cross peaks in these 
simulated spectra and structure 
calculations were performed by 
employing essentially identical 
protocols used for the structure 
determination of TTHA1718 
in-cell3.  Figure 1 shows the 
superposed 20 final structures 
calculated from each sets of 
simulated 3D 13C-separated and 
15N-separated NOESY spectra. 

The main expected artefacts 
arising from nonlinear sampling 
and MaxEnt processing were (1) 
the mis-calibration of intensities 
of cross peaks and (2) the 
emergence of false cross peaks.  
The latter problem is presumably 
not significant because the 
automated NOE assignment 
algorithm excludes the “orphan” 
artefact cross peaks.  The 
deviation of intensities for NOE 
cross peaks from “real” values is usually not so harmful for structure calculations, since the 
NOE intensities were generally interpreted to distance restraints with relatively large (a few 
angstroms) tolerances.  However, the mis-calibration of intensities was eventually significant 
in the case with much reduced data points, e.g. the case with 128 random sampling points.  
There was a tendency that the more data points were omitted, the more underestimated the 
intensities of weaker cross peaks.  This caused the drop of numbers of picked NOE cross 
peaks in the spectra, thus providing poorer convergence in final structures.  Nevertheless, we 
would emphasise that, with the same number of FIDs, the convergence in final structures 
were much worse when the data were acquired linearly, suggesting that nonlinear sampling 
approach is very advantageous, comparing to conventional linear sampling scheme.  Also 
the result showed that the poor convergence in final structures can be overcome by 
supplementing some “critical” selectively measured long-range distance restraints, e.g. 
NOE-derived distance restraints involving side-chain methyl groups.  As an another 
demonstration of our methodologies for protein structural analyses in vivo after the case of  
Thermus thermophilus HB8 TTHA1718, we initiated in-cell NMR studies of Streptococcus
protein G B1 domain in living E. coli cells. 

References: 
1. Serber, Z. et al. High-resolution macromolecular NMR spectroscopy inside living cells. J. Am. Chem. 

Soc. 123, 2446-2447 (2001). 
2. Reckel, S., Hänsel, R., Löhr, F. & Dötsch, V. In-cell NMR spectroscopy. Prog. Nucl. Mag. Res. Sp. 51,

91–101 (2007). 
3. Sakakibara, D. et al. Protein structure determination in living cells by in-cell NMR spectroscopy. 

Nature 458, 102-105 (2009). 

Figure 1: TTHA1718 structures calculated from simulated 
3D NOESY data with various nonlinear sampling points. 
a, 64 and 32 linearly sampled complex points for t1 (1H) and t2
(13C or 15N), respectively. b, 1024 randomly selected complex 
points out of the sampling space with 64 (t1, 1H) x 32 (t2, 13C or 
15N) complex points. c, 512 randomly selected complex points. 
d, 256 randomly selected complex points. e and f, 128 
randomly selected complex points. g, 16 and 8 linearly sampled 
complex points for t1 (1H) and t2 (13C or 15N), respectively. For 
the structure calculations presented in f, NOE-derived distance 
restraints involving side-chain methyl groups, which were used 
for the case of TTHA1718 in-cell, were added. 
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Relaxation analysis for clarifying the molecular mechanism of zinc ion 

concentration sensing by SmtB, a cyanobacterial transcription factor of 

Synechococcus PCC. 7942.

Eugene Hayato Morita1,2, Hidenori Hayashi3,4, Shunnosuke Abe1, Takahisa Ikegam5

1
 Faculty of Agriculture Ehime University, Ehime, Japan,   

2
 Venture Business Laboratory, 

Ehime University, Ehime, Japan,   
3
 Cell-Free Sciemce and Technology Research Center, 

Ehime University, Ehime, Japan,  
4
 Faculty of Science, Ehime University, Ehime, Japan,   

5
 Institute for Protein Research, Osaka University, Osaka, Japan.

In Synechococcus sp. PCC 7942, the smt locus is responsible for tolerance to divalent 

cations such as zinc and cadmium. In the smt locus, there are two divergently transcribed 

genes, smtA and smtB. The smtA encodes a class II metallothionein, and the smtB encodes a 

trans-acting repressor for smtA expression.  SmtB also functions as the sensor for cytosolic 

divalent cations, and the relationship between the structural changes of SmtB, induced by the 

metal-ion sensing, and the functional regulation of SmtB is still unclear.
To this end, we have measured the T1, T2, and NOE relaxation NMR spectra of each 

amino acid constituting SmtB with/without the presence of zinc ions.   In consideration of 

our biochemical results, we have found that in the N-terminal flexible region, the rigid 

structure around Cys14 is induced by the zinc ion binding with SmtB. 
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Realtime monitoring of enzymatic reaction and prion proteinRA 
aptamer interaction 
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Sensitivity improvement of NMR spectrometer with cross-bore, 
superconducting split-magnet, and cryogenic solenoidal probe coil 

Tsuyoshi Wakuda1, Kenji Kawasaki1, Yota Ichiki1, Minseok Park1, Hideki Tanaka1,
Michiya Okada1, Takamitsu Kohzuma2 and Hitoshi Kitaguchi3

1Hitachi Research Laboratory, Hitachi Ltd., Hitachi, Japan. 
2Ibaraki University, Mito, Japan. 
3National Institute for Materials Science, Tsukuba, Japan. 

  We have been developing a new NMR spectrometer having two special features; one is the 
superconducting split-magnet, and the other is the cryogenic solenoidal RF coil. We have 
successfully completed the magnet development with magnetic fields up to 14 Tesla. A 
cryogenic probe for the novel 600MHz NMR magnet has optimized. Then, a signal to noise 
ratio of the novel 600MHz NMR has reached over 8000. In this presentation, we show the 
recent achievements on the development of this new NMR spectrometer. 

2003
RF

RF
RF

RF 300MHz
05

600MHz 300MHz
Fig.1
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Fig.2 300MHz
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Fig.2 History of Signal-to-noise ratio at our system. 

Fig. 1 Appearance and cross-section view of the novel NMR system.
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Spin diffusion for homonuclear multi-spin systems in rotating solids: the 
analytical expression of the spin-diffusion rates and its applications 

Daisuke Kuwahara1, Tomoyuki Mochida2, Kunio Nikki3

1Coordinated Center for UEC Research Facilities, The University of Electro-Communications
2Department of Chemistry, Graduate School of Science, Kobe University
3Department of Applied Physics and Chemistry, The University of Electro-Communications

In this study, we focused on deriving an analytical expression for the spin-diffusion rate Wz

of a homonuclear multi-spin system undergoing MAS. The analytical expression derived here 
consists of a dipolar coupling constant and an integral term. The integrand consists of FID 
signal functions of two resolved resonance lines among which the polarization transfer takes 
place. Therefore, in principle the spin-diffusion rate Wz can be calculated without any special 
information such as double-quantum NMR spectra. In addition, we presented a new model for 
a homonuclear multi-spin system in the solid state. Two applications, in which the analytical 
expression modified for this model are employed, are presented. Applications of this 
expression based on the new model will be of great utility for elucidating the structure of 
various molecular materials in the solid state. 
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Figure 1. (a) Model system by Suter et al. (b) Model 
system presented in this study.
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Figure 2. (a) Molecular arrangement in the 
complex, based on the X-ray data at 20 °C. 
(b) Molecular arrangement at –27.7 °C
determined on the basis of Eqs. (1)-(3).
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15N NMR

Carbonazation Process of Polypyrrole studied by SS 15N NMR 
Shigeki KUROKI,1 Susumu Kawauchi, 1 Junichi OZAKI,1 and Seizo MIYATA1,2

1Department of Organic and Polymeric Materials, Graduate School of Engineering, Tokyo Institute of 
Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8552, JAPAN 
2New energy and Industrial Technology Development Organization, 1310 Omiya-cho, Saiwai-ku, Kawasaki, 
Kanagawa 212-8554, JAPAN) 
Tel: +81-3-5734-2581, Fax: +81-3-5734-2581, E-mail: skuroki@polymer.titech.ac.jp

Recently, we developed a new non-precious ORR catalyst carbonized from nitrogen-containing polymers. We 
call these materials carbon alloy catalysts (CACt).  The CACt combine high oxygen-reduction activity with 
good durability.  We considered that the nitrogen species contained in CACt are very important for ORR 
activity and focused on characterizing the chemical structure around the nitrogen atoms in CACt. Therefore we 
synthesized 15N labeled polypyrrole (PPY) and pyrolyzed PPY at various temperatures, then measured solid state 
15N NMR spectra and XPS spectra. Eonset of PPY pyrolyzed at 900 deg. (PPYFe900) is 0.82V.   
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Fig.1 Oxygen reduction voltammograms of the 
pyrolyzed polypyrroles. 
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Fig.2 N1s XPS spectra of the pyrolyzed 
polypyrroles.
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Fig.3  15N CP/MAS NMR spectra of the 
pyrolyzed polypyrroles. 
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[1]Bashyam, R.; Zelenay, P. Nature 2006, 443, 63-66. 

[2] Ozaki, J.; Nozawa, K.; Yamada, K.; Uchiyama, Y.; Furuichi, A.; Yokoyama, T.; Oya, A.; Brown, L.J.; 

Cashion J.D. J.Appl.Electrochem. 2006, 36, 239-247. 
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Solid-State NMR Studies on Intermolecular Interactions of Ion Channel 
Complex Formed by Amphotericin B 

Nobuaki Matsumori, Yuichi Umegawa, Kazuaki Tahara, Mokotsugu Doi, Tohru Oishi, and 
Michio Murata 
Department of Chemistry, Graduate School of Science, Osaka University, Toyonaka, Japan.  

Although amphotericin B (AmB) is thought to exert its antifungal activity by forming 
ion-channel together with ergosterol, no previous study has directly proven the AmB- 
ergosterol interaction. To establish the interaction, we measured solid-state 2H NMR using 
deuterated sterols and AmB. The spectra showed that fast axial rotation of erogosterol was 
inhibited by the coexistence of AmB, whereas that of cholesterol was essentially unchanged 
by AmB, thus demonstrating that ergosterol has significant interaction with AmB. 

Then, to further confirm the direct interaction between AmB and ergosterol, we measured 
13C-19F REDOR using 19F-AmB and 13C-ergosterol. The results unexpectedly revealed that 
the AmB-ergosterol interaction occurs not only in a parallel manner but also in an antiparallel 
orientation. Based on these results, we will propose a model of AmB-sterol interaction.
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Fig. 1 2H NMR spectra of Erg-d1 in POPC bilayers 
a) Erg-d1:POPC = 1:18 
b) Erg-d1:AmB:POPC = 1:2:18 

Fig. 2 2H NMR spectra of Cho-d1 in POPC bilayers 
a) Cho-d1:POPC = 1:18 
b) Cho-d1:AmB:POPC = 1:2:18
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