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1H–13C二重共鳴NMRのための小型電気–機械–光変換プローブ
©冨永雄介，武田和行
京都大学大学院理学研究科

Electro-mechano-optical NMR probe for 1H-13C double resonance
©Yusuke Tominaga, Kazuyuki Takeda

Graduate School of Science, Kyoto University

We report development of a compact EMO NMR probe compatible with superconducting magnets

used in NMR for chemical analysis, demonstrating 1H–13C refocused INEPT followed by EMO 13C

NMR detection in liquid benzene.

1 Introduction

NMRは物理・化学・生物学などの多岐にわたる分野で構造やダイナミクスの解析に用いられ，
強力な分析手法として発展してきた．しかし，NMRは原理的に感度が低い．NMRの発展の歴史
は感度向上の手法開発の歴史でもあり，現在もなお，NMRの感度向上は重要な課題である．
我々は，NMRの感度向上をめざして，NMR信号を光変換する装置の開発を行ってきた．信号

の光変換は図 1aに示すような系で行い，ここでは金属が蒸着された高い Q値を持つ窒化ケイ素薄
膜が二つの役割を担う．第一に，蒸着金属は NMR信号受信回路のキャパシタ電極として組み込
まれ，NMR信号は薄膜の振動に変換される．第二に，蒸着金属はミラーとして用いられ，光の干
渉により薄膜の振動を読み取ることができる．光に変換するこの方法（Electro-Mechano-Optical

で EMOと呼ぶ）では，室温下でも，加わるノイズを限りなく小さくすることができ，NMRの感
度を向上することができると考えられている [1, 2, 3]．
通常，光学系は地面振動などの影響を抑えるために，大掛かりな光学定盤の上に構築され，精密

なアライメイトを要する．しかし，化学分析用の NMRで用いられる均一度の高い超伝導磁場中
で EMO NMR測定を行うためには，限られたスペースの中に光変換系を組み込み，光学装置の精
確なアライメントを行い光検出する必要がある．その実現のために，本研究では図 1bのような超
伝導磁場内に挿入できる小型な EMO NMRプローブを作成した．そして，リフォーカス INEPT

法を適用し，ベンゼンの 13C NMR信号を EMOにより光変換して取得することに成功した [4]．

2 Design & Fabrication

5 mm× 5 mmの大きさの Si枠に張られた厚さ 200 nm，大きさ 1 mm× 1 mmの窒化ケイ素薄
膜上に厚さ 40 nmのアルミニウム層を蒸着した．電極がプリントされた大きさ 5 mm× 5 mmの
プリント基板上には，重ねたときに 間を作るためにアルミニウムを 500 nm蒸着し，Si枠上に
このプリント基板を重ね合わせることで薄膜キャパシタを作製した（図 2a）．空気による薄膜の振
動の減衰を防ぐために，薄膜は真空下に設置した．
自作の真空チャンバーの設計は図 2bのようになっている．直径 60 mmであり，超伝導磁石の

ボアに収まるようにしている．真空チャンバーの蓋を閉じるだけで，薄膜キャパシタとの電気的
な接触が取れて外部からアクセスできるようになっており，配線は可能な限り短くなっている．

オプトメカニクス，光変換，INEPT

©とみながゆうすけ，たけだかずゆき
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Fig. 1 (a) A schematic diagram of EMO NMR. NMR signals are transduced to the membrane

oscillation through the LC circuit. The resulting membrane oscillation is in turn read out optically

with the optical interference. (b) A snapshot of the probe for EMO NMR operational inside the

bore of a superconducting magnet.

薄膜上の蒸着金属は光共振器のエンドミラーとしても用いる．真空チャンバー内に光共振器の
フロントミラーも設置して，共振器長は 2.54 mmに設計してモードマッチングを取った（図 2c）．
共振器はなるべく短く，またモノリシックな構造にすることで，安定な光学検出を実現している．
ミラーを設置したプレートと真空チャンバー間をシールしている O-リングは，非磁性のばねとし
てミラーのアライメントにも利用することができる．
この真空チャンバー内に構成した EMO システムと，NMR 信号の励起・受信用の二重共鳴回

路，レーザービーム整形用の光学系とを連ねて NMR信号を光検出できるようにしたプローブが
図 1bに示したものである．

3 Results

4.7 Tの磁場における 1Hおよび 13Cのラーモア周波数に対して，NMR励起・検出用の LC回
路の同調をとり，インピーダンス整合もとった．リフォーカス INEPTで信号増強されたベンゼン
の 13Cの NMR信号を 1Hデカップリング下で取得するためのパルスシーケンスは図 3aの通りで
ある．EMO NMRの実施においては，電気-機械結合を誘起するために交流電圧を薄膜キャパシタ
上にかけてドライブする必要がある．パルスを照射している間は，パルスが薄膜の振動に変換さ
れないようにドライブの周波数をずらしておき，信号の取得の間だけ信号が変換されるような交
流周波数にした．
図 3b,c に示したものは EMO NMR により取得した，リフォーカス INEPT により増強された

13C-labeledベンゼンの NMR信号と，そのフーリエ変換スペクトルである．比較のために，同様
に励起し受信した信号を光変換せずに，従来の NMRで行われるように電気的に増幅して取得し
たのが図 3d,e である．EMO NMR と通常の電気的な NMR で，得られた信号はほとんど一致し
ていたが，差異も検出の帯域幅の違いによって説明できる．EMOによる検出では，薄膜の帯域幅
（約 100 Hz）によって制限されるため，帯域の外ではノイズが非常に小さいが，帯域内では薄膜の
熱雑音が観測される．薄膜の熱雑音は，電気–機械結合を大きくすることにより，原理的には小さ
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Fig. 2 (a) A 5 mm×5 mm Si frame supporting a 1 mm×1 mm Si3N4 membrane, on which an

aluminum layer for the capacitor electrode and the optical mirror was made by vacuum deposition.

A printed circuit board serving for the counter electrode was piled on the Si frame. (b) Cross

sectional view of a cylindrical vacuum chamber containing the membrane capacitor. (c) Design

of the optical cavity for a collimeted laser beam with an incident beam diameter of 4.05 mm. A

concave mirror with a radius of curvature (ROC) of 10 mm and a lens with a focal length (f) of

200 mm were combined to form the cavity. (Reproduced from Ref. [4] with permission from the

Royal Society of Chemistry.)

� �� �

�� � �

Fig. 3 (a) A pulse sequence for refocused INEPT with 1H decoupling. (b, c) A refocused INEPT

enhanced 13C NMR signal and Fourier-transformed spectrum of 13C-labeled benzene obtained by

the EMO scheme. (d, e) The same signal and spectrum obtained by the conventional electrical

detection. (Reproduced from Ref. [4] with permission from the Royal Society of Chemistry.)
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Fig. 4 (a) A power spectrum of an optical signal around the frequency 388.18 kHz of membrane

characteristic oscillation, on which the signal at 50.34455 MHz was transduced. (b) A power

spectrum of an electrical signal obtained by amplifying the same signal. (Reproduced from Ref. [4]

with permission from the Royal Society of Chemistry.)

くすることができる．
EMO NMRと電気的な NMRの感度を直接比較し性能を評価するために，強度のわかっている

電気信号をシンセサイザで合成し，連続的に LC 回路内に発生させた．−121.6 dBm の信号を光
変換して観測されたパワースペクトルは図 4aであり，同じ信号を電気的に増幅して観測されたパ
ワースペクトルは図 4bであった．EMO検出の場合，薄膜の熱振動由来のローレンツ形のスペク
トルにより，雑音強度が大きくなっているが，その帯域の外では電気的な検出の雑音よりも小さく
なっていることがわかる．したがって，薄膜の熱雑音の寄与を小さくすることができれば，従来
の電気的な増幅による検出法に EMO NMRは感度の点で優位になる可能性があることがわかる．

以上のように，広く使用される手法である INEPTと組み合わせた EMO NMRを，超伝導磁石
内で行うことに成功したことにより，これまで主に物理学的な興味対象であった EMO NMRを化
学分析にも応用する道を開いたといえる．EMO NMRの感度はまだ薄膜の熱雑音に制限されては
いるものの，従来の電気的な方法とも比較可能な領域にあり，今後さらに電気–機械結合を大きく
したり，レーザー冷却の手法と組み合わせたりすることにより，高感度な検出方法としての利用
が期待できる．
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Development of a diffusion NMR measurement system using the surface gradient field 
of a high-temperature superconducting bulk magnet 

Masato Takahashi1,2, Sho Kikuchi2, Naomichi Sakai2, Masato Murakami2, Kazuya Yokoyama3, Techit 
Tritrakarn4, Tetsuji Okamura4, Tetsuo Oka1,2, Takashi Nakamura5,2 
1RIKEN Center for Biosystems Dynamics Research 
2Graduate School of Engineering and Science, Shibaura Institute of Technology 
3Faculty of Engineering, Ashikaga University 
4Department of Mechanical Engineering, Tokyo Institute of Technology 
5RIKEN Center for Sustainable Resource Science 
 

Diffusion NMR on the surface of a High-Temperature Superconducting (HTS) bulk magnet has been 
demonstrated. HTS bulk magnets can generate a strong and stable magnetic field despite their compact 
body size. The strong static field gradient on the surface can be effectively used for the measurement of 
low-diffusion coefficients and high spatial resolution instead of no chemical shift information. The high 
spatial resolution in the direction of the gradient field is realized since the excitation bandwidth is much 
smaller than the NMR signal bandwidth broadened by the strong static field gradient in the sample. 
Diffusion NMR with a strong static field gradient has different characteristics compared to commonly used 
Pulse Field Gradient (PFG) diffusion NMR. These characteristics are suitable for the analysis of the ion 
mobility in lithium-ion batteries around electrodes. 
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Fig. 1. High-Temperature Superconducting 
(HTS) bulk material used in this study.  

 
Fig. 2. Home-build NMR spectrometer using 
Software Defined Radio (SDR), NI USRP-
2920.  
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Fig. 3. Schematic view of the setup for diffusion NMR 
using a single-sided HTS bulk magnet. The HTS bulk 
magnet generated a strong magnetic field from the 
round surface. 
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Fig. 4. Measurement example of the mixture. The 
signal intensity of diffusion measurement on 50% 
w/w sucrosee:water solutions. The solid line is 
calculated from the reference value9. 
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Mechanism of action of MPIase, a glycolipid from Escherichia coli, in Sec-independent 
membrane protein insertion 
 

Kaoru Nomura1, Shoko Mori1, Tsukiho Osawa1, Kohki Fujikawa1, Ken-ichi Nishiyama2, Keiko 
Shimamoto1 

1 Bioorganic Research Institute, Suntory Foundation for Life Sciences 
2 Department of Biological Chemistry and Food Sciences, Faculty of Agriculture, Iwate University 
 

An endogenous glycolipid, MPIase, in the Escherichia coli membrane regulates membrane protein 
insertion cooperatively with proteinaceous translocons. Here, we focused on the Sec translocon-independent 
pathway and examined the mechanisms of MPIase-facilitated protein insertion using solid-state nuclear 
magnetic resonance and fluorescence techniques. Diacylglycerol, a trace component of E. coli membrane, 
reduced the acyl chain mobility in the membrane core region and inhibited the insertion, whereas MPIase 
restored them. Intermolecular interactions between MPIase and basic amino acids in the protein suggested 
that the MPIase pyrophosphate attracts the basic residues of the protein toward the membrane surface, which 
triggers the insertion. Thus, this study demonstrated the multi-faceted approach of MPIase to support 
membrane insertion of proteins by using its unique molecular structure. 

Sec Sec
Sec Sec

(DAG) (Fig. 1)
MPIase (Fig. 1) Sec MPIase

DAG 1 MPIase
Sec 2  

 
Sec NMR  
 

 

 

Fig. 1. Structure of MPIase and DAG.
R=Ac or H, R’, R’’=C16:1, 16:0, 18:1, 
18:0 
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Fig. 2. Procedure for inserting membrane proteins. 
(top right) NMR spectrum of the pellet obtained from 
the procedure, showing both inserted and non-
inserted protein signals. 

Fig. 3. Schematic model of the membrane insertion of a small hydrophobic substrate protein in 
E. coli membranes. 
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図１ 非標識リゾチーム (a)と MexX 沈殿(b)の

DNP 増強 15N-交差分極スペクトル (黒)と 1H-

dephased スペクトル(灰)。T = 30 K, vR = 8.9 

kHz。インセットは可変時間 1H-15N CP で得た

分極成長カーブの FT。
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図 2 構造分布の変化をNMR信号形状の解析から逆算する。
平衡にある構造を凍結し、信号形状から主鎖ねじれ角(φ,ψ)
の分布と占有数の変化に結びつける。例えば、結合薬剤ごと
のGPCRの構造アンサンブルを決定、比較できる。 

多次元NMR信号

蛋白質構造と化学シフト
データベース
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新しい計算
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Adiabatic D-RINEPT Multiple Quantum (MQ) MAS D-RINEPT-MQMAS

DNP-SENS MQMAS ISMAR

( 1c)

DNP-SENS

Adiabatic D-RINEPT DNP-SENS

Cd ZnS 67Zn 33S DNP-

SENS D-RINEPT-MQMAS -Al2O3

SiO2 ZnO ZnO
17O MQMAS SiO2-Al2O3 (ZrO2-

ZnO)/SiO2
17O MQMAS

Figure 1. (a) DNP-SENS and Pulse sequence diagram of (b) Adiabatic D-RINEPT-QCPMG and (c) D-

RINEPT-MQMAS-QCPMG. 

JSPS JP 20K15319
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Observation of a deprotonated basic amino acid in a cyanobacterial photosensor
Takayuki Nagae1, Yusuke Iizuka1, Hiroshi Aoyama1, Yohei Miyanoiri2, Satoshi Kamino3, Yutaka Ito4, Yuu

Hirose5, Masaki Mishima1

1 Department of Pharmacy, Tokyo University of Pharmacy and Life Sciences
2 Institute for Protein Research, Osaka University
3 CRYO SHIP Incorporated
4 Graduate School of Science, Tokyo Metropolitan University
5 Graduate School of Engineering, Toyohashi University of Technology

Cyanobacterial photosensor proteins have a chromophore, phycocyanobilin (PCB), and exhibit a wide 
range of absorption wavelengths ranging from UV to far-red light. The cyanobacterial photosensor protein 
RcaE reversibly converts between green and red-absorbing states. To elucidate the mechanism of this 
absorption wavelength tunning, we are studying its structural features and protonation state using NMR 
spectroscopy and X-ray crystallography. Recently, we have determined the structures of RcaE in both green 
and red absorbing states at 1.63 and 1.75 Å resolution, respectively. Furthermore, we succeeded in direct 
observation of the deprotonated amino group of a lysine residue neighboring to PCB. We have found that 
deprotonated amino group (-NH2) of a lysine. This 
is the first report of the direct observation of 
deprotonated lysine inside a native protein structure.

(PCB)

1
RcaE (Pg)
(Pg)

PCB

Pr form Pg form

PCB 

E217 E217 
Fig. 1. Structures of RcaE in the Pr and Pg 
forms. Photoisomerization induces a positional 
change of PCB in the binding pocket. 
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1

NMR X
RcaE

Pr
Pg 1.63 Å 1.75 Å

PCB Z/E
PCB GAF

(Fig. 1) PCB E217

RcaE X

PCB 15N
Pr 4

Pg 4
1

2

PCB
NMR PCB

Pg
NMR (Fig. 2(a)) PCB

NH2

HSQC 15N (Fig. 2(b)) PCB
Pr Lys261 NH3+ NH2

3 NH2

13C (SAIL)
1D 13C NH3+ NH2 4

Pg NH2
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Fig. 2. Detection of Lys-NH2 (a) 1H-15N HSQC
spectrum of 15N labeled RcaE. (b) Close up view of 
the signal in (a) without 1H decoupling.
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Na+-induced structural dynamics of the PomAB flagellar stator complex, observed by the 
spectra of methyl 13C in methionine residues.

Tatsuro Nishikino1, Seiji Kojima2, Michio Homma2, Yohei Miyanoiri1

1 Institute for Protein Research, Osaka University
2 Division of Biological Science, Graduate School of Science, Nagoya University

The bacterial flagellar motor consists of the rotor and stator, and their interaction is essential to generate 
torque. The stator in marine Vibrio is made up of two membrane proteins, PomA and PomB, and functions 
as a sodium ion channel. We recently performed structural analyses by single particle cryo-EM and 
revealed that five PomA and two PomB molecules form the single stator complex, although the mechanism 
of sodium ion flux is still unclear. To clarify this, we analyzed structural dynamics of PomAB complex 
induced by sodium ion binding, using solution NMR. We prepared the stator proteins labeled with methyl 
13C in methionine residues and measured 1H-13C HMQC spectra with or without sodium ion, and found that 
chemical shift change occurred in several signals. To assign the signals, we have replaced each methionine 
with isoleucine or leucine, prepared proteins and measured their spectra. Based on the results from those 
measurements, we will discuss the structural dynamics of the stator induced by sodium ion binding.

(1)
(Rotor) C-ring 

(Stator) 
(Fig. 1)

Vibrio alginolyticus (V. alginolyticus)
2 

[PomA, PomB] 

A B 4:2 
2020 PomA/PomB

Campylobacter, Clostridium, Bacillus MotA/MotB 5 MotA
2 MotB 
MotB MotA 5 C-ring 

,  , 13C 

, ,
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(2,3) 
V. alginolyticus

V. alginolyticus 5 PomA
2 PomB (Fig. 2) H+

MotAB H+

Na+ PomAB Na+

Na+

(NMR) 
Na+

200 kDa 
LB 1 L 1 mg (~5 M) 

13C

(Fig. 3) PomA PomB 17, 
16 Na+

(WT) 
Na+ 2 1H-13C 

HMQC PomB 
(D24) Na+

D24N Na+

D24N WT 

PomA, PomB

Na+ V. alginolyticus
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DOSY measurements of synthetic polymers using an inverse geometry diffusion probe 

Koichi Ute1, Kazuya Watanabe1,2, Kyosuke Takamatsu1, Soh Watanabe1, Norihiro Tokuda1 
1 Department of Applied Chemistry, Tokushima University 
2 R&D department, KURITA EUROPE GmbH 
 

The diffusion coefficient of macromolecules in solution is small. A “diffusion NMR probe system” that 
can generate a large pulsed field gradient (PFG) is advantageous for the measurement. However, this system 
has been mainly used for nucleus with low gyromagnetic ratio (such as 7Li and 23Na) and thus is not 
necessarily optimized for measurement of 1H nuclei. In this study, 1H diffusion-ordered two-dimensional 
NMR (DOSY) experiments were carried out for synthetic polymers with average molecular weights 
exceeding 1,000,000 in solution using an inverse geometry diffusion probe (maximum PFG intensity of 1700 
G/cm). The results for acrylamide-based polymer electrolytes and standard polystyrene poly(methyl 
methacrylate) systems are described. 

D

PFG

 7Li  23Na 
1H 

1H PFG
1700 G/cm Mw 100

Diffusion-ordered two-dimensional NMR DOSY

PS PMMA
 

DOSY 5 mm Diff BBI probe Bruker Avance 
NEO 400 NMR bpp-ste-led 1

TopSpin 4.1.4 Bruker CONTIN
NMRnotebook 2.8 with DOSY module 2.7 NMRtec

MEM  
2 Mw = 3.9  106, Mw/Mn = 3.1, AETAC/AAm =  

 
 

 
 

Fig. 1 The bpp ste led sequence [1].

Fig. 2 Structure of acrylamide
(AAm) [2 (acryloyloxy)

ethyl]trimethyl ammonium
chloride (AETAC) copolymer.
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81.3/18.7 Mw = 1.3  106, 
Mw/Mn = 1.6 NaCl 1 M

0.2 wt% DOSY
3 PFG 10 ms

T2 AETAC
CH2 3 4 CH

2
Mw 2 D

 
PMMA 3 Mw = 1,840, 67,400, 1,677,000

PS 3 Mw = 2,800, 43,900, 1,260,000
2 % w/v o-C6D4Cl2 60 °C

DOSY 4 PMMA OCH3

PS C6H5

3 OCH3

3 C6H5 3
D M

1
PMMA    0.643 PS    

0.655
PMMA Mw Mw/Mn

 

[1] D. Wu, A. Chen, C. S. Johnson, Jr., J. Magn. Reson. 
Ser. A, 115, 260 (1995) 

Fig. 4 DOSY contour plots for a mixture of 3 standard PMMA samples (Mw 1,840, 67,400, 1,677,000) and 3
standard PS samples (Mw 2,800, 43,900, 1,260,000) in o C6D4Cl2 (2 % w/v) at 60 °C using the bpp ste led
pulse sequence. The DOSY data was analyzed by the maximum entropy method (MEM). Relevant DOSY

parameters are as follows: 12 ms, 4.0 ms, g 0.5 s, 128 linear Q gradient steps (G1 20 G/cm, G128 1700
G/cm), 64 scans were accumulated per each G step (total time 11 h 23 min). Relationship betweenM and D
obtained by the DOSY MEM analysis of the mixture. The data for PMMA and PS were determined from the

resonances of the methoxy and phenyl groups, respectively.

1  
3 2 

4 5 
 

Fig. 3 DOSY contour plots for a mixture of
polyacrylamide (Mw = 1.3 106) and AAm
AETAC copolymer (Mw = 3.9 106) in 1 M

NaCl/D2O (0.2 wt%) at 30 C ( 10 ms, 3.4 ms,
g 0.5 s, 64 linear G gradient steps, G1 20 G/cm,
G64 1000 G/cm, 128 scans were accumulated per

each G step (total time 11 h 23 min).
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Paip2A inhibits translation by competitively binding to the RNA 
recognition motifs of poly(A)-binding protein C1 and promoting its 
dissociation from the poly(A) tail

1 , 2 , 3
, 4

Takeru Sagae1, Mariko Yokogawa1, Ryoichi Sawazaki1, Yuichiro Ishii1, Nao Hosoda2, Shin-ichi Hoshino2, 
Shunsuke Imai3,4, Ichio Shimada3,4, Masanori Osawa1

1Graduate School of Pharmaceutical Sciences, Keio University, 2Graduate School of Pharmaceutical 
Sciences, Nagoya City University, 3Graduate School of Pharmaceutical Sciences, The University of Tokyo, 
4Center for Biosystems Dynamics Research, RIKEN

Eukaryotic mRNAs possess a poly(A) tail at their 3'-end, to which poly(A)-binding protein C1 (PABPC1) 
binds and recruits other proteins that regulate translation. PABP-interacting protein 2A (Paip2A) effectively 
inhibits poly(A)-dependent translation by causing the dissociation of PABPC1 from the poly(A) tail; however, 
the underlying mechanism remains unknown. This study was conducted to investigate the functional 
mechanisms of Paip2A action by characterizing the PABPC1–poly(A) and PABPC1–Paip2A interactions by 
ITC and NMR. Based on the results, we propose the functional mechanism for Paip2A: Paip2A initially binds 
to the RRM2 region of poly(A)-bound PABPC1, and RRM2-anchored Paip2A effectively displaces the 
RRM3 region from poly(A), resulting in dissociation of the whole PABPC1 molecule.

mRNA 5 cap 3 poly(A)
Poly(A) Poly(A) PABPC1 PABPC1

PABP-interacting protein 2 A (Paip2A) PABPC1 poly(A)
Paip2A NIH3T3

Paip2A PABPC1

PABPC1 636 N 4 RNA
(RRM) C PABC 170 linker

(Fig. 1)
RRM1/2/3/4 poly(A)

(Kd) 0.15 nM
PABPC1 poly(A)

Kd (0.69 nM)
RRM1/2/3/4 poly(A)

poly(A)-binding protein, Paip2A, functional mechanism

Fig. 1. Domain structures of PABPC1 and Paip2A
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Paip2A 127 N RRM PABP-interacting motif 
1 (PAM1) C PABC PABP-interacting motif 2 (PAM2) (Fig. 1) PAM1

RRM1/2/3/4 Kd 0.66 nM PAM2 PABC Kd 74 400 nM PAM1
PABP

Paip2A PAM1 RRM Paip2A poly(A) PABPC1
PABPC1 poly(A)

Paip2A 0.7 nM Paip2A
PABPC1 poly(A) PABPC1

poly(A) Paip2A PABPC1 Paip2 poly(A)
PABP

Paip2A RRM1/2/3/4
[13C, 15N] Paip2A

[2H, 15N] Paip2A
RRM1/2/3/4 Paip2A

26 83 1H-15N TROSY
RRM1/2/3/4

Paip2A(25-83)

(ITC) RRM poly(A) Paip2A
ITC A7 RRM

RRM1 RRM4 A7

(Table 1) RRM2
RRM3 A7

A7 RRM2 RRM3
Kd 200 M 4.7 M

1:1 (Table 1)
Paip2A(25-83) RRM

RRM1 RRM4
Paip2A(25-83)

(Table 2) RRM2
RRM3 Paip2A(25-83)

Paip2A(25-83)
RRM2 RRM3 Kd

4.0 M 1.3 M
1:1

(Table 2)

Fig. 2 CSPs of Paip2A upon binding to 
RRM1/2/3/4

Table 1 Kd values for the A7-RRM interaction
RRM N* Kd (M)

RRM1 N.D. N.D.
RRM2 1.4 ± 0.1 (2.0 ± 0.4) × 10-4

RRM3 1.2 (4.7 ± 0.3) × 10-6

RRM4 N.D. N.D.
*N : Molar ratio of RRM against A7

Table 2 Kd values for the Paip2A(25-83)-RRM 
interaction

RRM N* Kd (M)
RRM1 N.D. N.D.
RRM2 0.87 ± 0.03 (4.0 ± 0.5) × 10-6

RRM3 0.87 (1.3 ± 0.1) × 10-6

RRM4 N.D. N.D.
*N : Molar ratio of RRM against Paip2A(25-83)
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NMR RRM2/3 poly(A)
Poly(A) RRM2/3

[13C, 15N] RRM2/3 [13C, 15N] RRM2/3-
A12

1H-15N HSQC
A12

RRM2/3 A12

RRM2 RRM3

RRM2/3 RRM (Fig. 
3a, b ) RRM2/3 RRM

poly(A)

NMR RRM2/3 Paip2A
Paip2A RRM2/3

[13C, 15N] RRM2/3 [13C, 15N] RRM2/3-
Paip2A(25-83) 1H-15N HSQC

1H-15N HSQC

Paip2A(25-83) RRM2/3
Paip2A(25-83)

RRM2 RRM3
RRM2/3 RRM

(Fig. 4a, b )
RRM2/3 RRM

RRM2/3 poly(A) Paip2A(25-83)

NMR Paip2A(25-83) RRM2/3, RRM2, RRM3

[2H, 13C, 15N] Paip2A(25-83) RRM2/3 NMR
Paip2A(25-83) 31 79 0.1 ppm

(Fig. 5) Paip2A(25-83) 31 79 RRM2/3

Paip2(25-83) N
31 44

(Fig. 6) RRM2
RRM3

[15N] Paip2A(25-83)
RRM2 RRM3 NMR

RRM2

Fig. 3 Mapping of the affected 
residues of (a) RRM2 and (b) RRM3
in RRM2/3 upon binding to A12

Fig. 4 Mapping of the affected residues 
of (a) RRM2 and (b) RRM3 in RRM2/3 
upon binding to Paip2A(25-83)

Fig. 5 Affected residues of Paip2A(25-83) upon binding
to RRM2/3
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(Fig. 6a) RRM3
RRM2/3

Paip2A(25-83) N

(Fig. 
6b) Paip2A(25-
83) N RRM3

poly(A) Paip2A RRM2 Kd 200 M 4.0 
M poly(A) Paip2A 50

Paip2A poly(A) RRM2
Paip2A(25-83) poly(A) RRM2/3

Paip2A PABPC1 RRM poly(A)
Paip2 poly(A) PABP
PABPC1 4 RRM poly(A) RRM2

RRM3 poly(A) (Fig. 7a) Paip2A Paip2A
RRM2 poly(A) poly(A) RRM2

RRM2 poly(A) (Fig. 7b) Paip2A RRM2
RRM3 poly(A) (Fig. 7b)

PABPC1 poly(A)

Reference
Sagae T, Yokogawa M, Sawazaki R, Ishii Y, Hosoda N, Hoshino S, Imai S, Shimada I, Osawa M. (2022)
Paip2A inhibits translation by competitively binding to the RNA recognition motifs of PABPC1 and promoting 
its dissociation from the poly(A) tail. J. Biol. Chem. 298 (5) 101844.

Fig. 7 Proposed model of the dissociation of PABPC1 from poly(A) by Paip2A
(a) RRM2 and RRM3 of PABPC1mainly contribute to the poly(A) binding. (b) Paip2A accesses 
RRM2 of PABPC1, whose affinity for poly(A) is 50-fold lower than that for Paip2A. Once Paip2A 
is tethered to RRM2, the local concentration of the adjacent RRM3 binding region of Paip2A
increases around RRM3, leading to the effective binding of Paip2A to RRM3 competitively against 
poly(A).

Fig. 6 Spectral overlay of HSQC of Paip2A(25-83) in the
presence of (a) RRM2 and (b) RRM3 over HSQC in the presence 
of RRM2/3
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Structural basis of the residence time of adenosine A2A receptor and the ligands  

Takumi Ueda1, Tomoki Tsuchida1, Masatoshi Kurita1, Takuya Mizumura1, Shunsuke Imai1,2, Yutaro 
Shiraishi1,2, Yutaka Kofuku1, Koh Takeuchi1, Ichio Shimada1,2 
1 Graduate School of Pharmaceutical Sciences, The University of Tokyo  
2 RIKEN Center for Biosystems Dynamics Research 
 

Residence time of a drug and its receptor is a key parameter of the pharmacological drug actions.  
Adenosine A2A receptor and the ligands reportedly exhibit various residence times.  However, the 
mechanism underlying the multi-level residence time remains elusive.  Here, we observed NMR signals of 
alanine and methionine methyl groups in the ligand-binding site of adenosine A2A receptor and its mutants 
with reduced residence times.  Our NMR analyses revealed that spatial arrangement of the E165-H264 
salt bridge correlates with the residence time.  These finding provide quantitative insight into the 
residence time and will be helpful for development of drugs with desirable pharmacological actions.  

GPCR A2A  (A2AAR) 

A2AAR
ZM241385 LUF5834

1,2 (Fig.1) ZM241385 A2AAR

E169 H264 E169
H264 T256

1 (Fig.1)

A2AAR

 
 

GPCR ,  
 

, , , 
, , ,  

 
Fig. 1. Residence time of A2AAR and ligands. 
A. chemical structures and residence time (RT)  
of A2AAR ligands1,2. B. Effect of mutations on 
the residence time of A2AAR and ZM2413851. 
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A2AAR
ZM241385 1H-13C HMQC

NMR
 (Fig.2) 1/60

E169Q
A265

1H  (Fig. 3A)
A265 1H H264
A265 1H H264

A265 1H E169-H264
E169A

 
1/17

T256A
A265 1H

E169A (Fig. 3B)
ZM241385 1/8
LUF5834

A265 1H
E169A (Fig. 3C)

T256A LUF5834
A265 E169-H264

(Fig. 4) A265 1H
E169 H264
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Fig. 2. Resonances from A2AAR in the 
ZM241385-bound state.  

A. Alanine and methionine regions of the 1H-13C 
HMQC spectra.  B. Distribution of the 
assigned methionine and alanine residues in the 
crystal structure of A2AAR. 

 
Fig. 3. Overlaid A265 signals of A2AAR under 
the conditions with various residence times.  

A. A2AAR and A2AAR/E169Q in the 
ZM241385-bound state.   B. A2AAR, 
A2AAR/E169Q, and A2AAR/T256A in the 
ZM241385-bound state. C. A2AAR and 
A2AAR/E169Q in the ZM241385-bound state 
and A2AAR in the LUF5834-bound state. 

 
Fig. 4. Schematic diagrams of the conformation of the ligand binding site of A2AAR. 
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Mapping the per-residue surface electrostatic potential of CAPRIN1 along its phase 
separation trajectory 

Yuki Toyama1-3, Atul Kaushik Rangadurai1-4, Julie D. Forman-Kay2, 4, and Lewis E. Kay1-4 
1 Department of Molecular Genetics, University of Toronto  
2 Department of Biochemistry, University of Toronto 
3 Department of Chemistry, University of Toronto 
4 Hospital for Sick Children, Program in Molecular Medicine 

 

The surface charges of biomolecules can significantly affect how they interact with each other, including, in 

some cases, whether they can undergo liquid-liquid phase separation. One example is the RNA binding 

protein CAPRIN1, an important component in membraneless organelles involved in RNA processing. 

Focusing on the C-terminal intrinsically disordered, positively charged region of CAPRIN1, we have mapped 

out at a residue specific level the role of electrostatics in phase separation promoted by the addition of ATP. 

We show that the propensity of CAPRIN1 to form condensates is coupled to its neutralization and formation 

of intermolecular contacts. Our results highlight the interplay between repulsive electrostatic forces and 

favorable inter-chain interactions in regulating the formation of CAPRIN1 condensates. 

 

1. Introduction 

CAPRIN1 is found in membraneless organelles such as stress granules, P bodies, and mRNA 

transport granules, where it plays an important role in regulating RNA processing. The C-terminal region of 

the CAPRIN1 has been shown to phase separate in vitro. The primary sequence of this C-terminal 

intrinsically disordered, phase-separating region of CAPRIN1 (hereafter referred to as CAPRIN1) is divided 

into N- and C-terminal Arg-rich regions, and a middle region that is depleted in arginines but rich in aromatic 

residues (Fig. 1A). CAPRIN1 has 15 Arg residues, a pI of 11.5 and a charge of +13 at physiological pH. Not 

surprisingly, therefore, phase separation requires the addition of salt to screen unfavorable electrostatic 

interactions; alternatively, the phase separation of CAPRIN1 can be promoted by adding negatively charged 

molecules such as ATP or RNA to a CAPRIN1 solution. Recent exciting advances in NMR spectroscopy 

provide an avenue for the de novo experimental determination of near-surface electrostatic potentials ( ENS) 

in biomolecules with atomic resolution, and under a wide range of ionic strengths and solvent condition1. 

With the availability of methods for measuring near-surface electrostatic potentials of proteins, here we 

established quantitatively the important role of electrostatics in controlling the phase separation of CAPRIN1, 

by monitoring how ENS “evolves” during the ATP-induced phase separation process. 

 

Intrinsically disordered proteins, Biomolecular condensates, Paramagnetic relaxation enhancement 

L3-1

－ 78 －



 

 

 

Iwahara and co-workers have demonstarated that 

solution NMR spectroscopy can be used to measure ENS at each 

backbone amide1. This is illustrated schematically in Fig. 1B, where 

solvent PREs from the positively or negatively charged 2,2,5,5-

tetramethylpyrrolidine-N-oxyl nitroxide (PROXYL) derivatives, 3-

aminomethyl-PROXYL and 3-carboxy-PROXYL, respectively, are 

measured. The measurement of PREs for a pair of differently 

charged co-solutes provides an avenue for the determination of per-

residue ENS values, via the relation 

where 2e is the charge difference between 3-aminomethyl- (+1e) 

and 3-carboxy-PROXYL (−1e), kB is Boltzmann’s constant, T is the 

absolute temperature, and   is the R2 PRE rate for a 

given proton measured from either the + or – spin label. Using the 

measured PRE rates, ENS values were determined for individual 

residues in CAPRIN1. Fig. 1C shows the resulting residue-specific 

ENS profile. Intriguingly, a positive potential of  +20 mV was 

measured in the aromatic-rich regions of CAPRIN1, even though 

the net charge in this central portion of the protein is small. The 

positive potential in the middle section of the protein likely reflects 

the slight imbalance in charge skewed towards positive as well as 

the dynamic nature of the CAPRIN1 whereby the N- and C-terminal 

Arg-rich regions contact the central portion of the molecule.  

 

 

Turbidity assays (Fig. 2A), measuring light scattering that accompanies phase separation, as a 

function of ATP concentration established that addition of ATP to CAPRIN1 solutions promotes phase 

separation when concentrations of nucleotide in the approximate range of 1~ 60 mM are added, and 

subsequent re-entry into a mixed state at higher concentrations of ATP (> 60 mM).

We measured per-residue ENS values for CAPRIN1 at a pair of ATP concentrations: 0.8 mM where 

ATP initiates phase separation, with CAPRIN1 in a predominantly mixed state, and 90 mM where CAPRIN1 

has re-entered the mixed state after phase separation (Fig. 2B). We observed a significant decrease in ENS 

by 10~30 mV upon the addition of 0.8 mM ATP (the values depending on the ATP/CAPRIN1 ratio), while 

at 90 mM ATP the surface potential of CAPRIN1 had inverted, becoming negative.  

 

 

We were interested in establishing what the surface electrostatic potential is for CAPRIN1 in the 

condensed phase of the demixed state, as the experiments recorded on the mixed state CAPRIN1 sample 

 

－ 79 －



 

 

suggest that, while ENS must be small, values that are slightly positive, slightly negative, or completely 

neutral would be possible. An ATP-induced demixed sample was prepared using a bulk concentration of 3 

mM ATP, with two distinct liquid phases (Fig. 2C), including a CAPRIN1-depleted phase on top (dilute 

phase; 200 M in protein, 2.5 mM ATP) and a CAPRIN1-concentrated phase on the bottom (condensed 

phase; 51 mM in protein, 258 mM ATP). Since the bottom phase covers the radio frequency coil for NMR 

signal detection, signals from the protein-condensed phase could be selectively observed, and the per-residue 

electrostatic potential of the CAPRIN1 condensate could, therefore, be measured. Fig. 2C shows the 15N-1H 

TROSY HSQC spectrum of CAPRIN1 in the condensed phase recorded using a sample containing 2% 2H, 
15N-labeled protein in an unlabeled CAPRIN1 background (pH 5.5 and 40 °C). Deuteration leads to 

significant gains in both spectral sensitivity and resolution. The solvent PREs were very similar between the 

positive and negative PROXYL derivatives across the protein and the surface potential of CAPRIN1 in the 

condensed phase was close to neutral across the protein (Fig. 2D). Thus, charge neutralization is a prerequisite 

for forming a stable CAPRIN1 condensed phase. 

 

 
Fig. 2 (A) Turbidity assays measuring phase separation propensities of CAPRIN1 as a function of [ATP]. 
(B) Plots of ENS values measured with 0 mM, 0.8 mM (with two different CAPRIN1 concentrations), and 
90 mM ATP. (C) 15N-1H TROSY HSQC spectrum of a condensed phase CAPRIN1 sample (258 ± 11 mM 
ATP and 50.6 ± 1.9 mM protein). The NMR sample tube containing the demixed state sample is shown. (D) 
CAPRIN1 ENS potentials in the condensed phase. 
 

5. Correspondence between reduced electrostatic potential and intermolecular interactions  

We hypothesized that intermolecular contacts between CAPRIN1 chains would concomitantly 

strengthen along the trajectory towards phase separation by the addition of ATP, as the electrostic potential 

of CAPRIN1 decreases, leading to less electrostatic repulsion between proximal molecules. To characterize 

intermolecular interactions between CAPRIN1 chains, we performed an intermolecular PRE experiment in 

which a spin-label (TEMPO) was covalently attached to one half of the molecules (not isotopically labeled) 

and the effects on the spectra of 13C, 15N-labeled molecules in the sample quantified (Fig. 3A). The 

measurements were also performed in the presence of 0.8 mM ATP, where CAPRIN1 starts to phase separate, 

and at 90 mM ATP, where the ENS distribution is slightly negative (Fig. 2B). 

In the absence of ATP, no significant intermolecular PREs were observed, consistent with 

contacts between CAPRIN1 chains being largely suppressed by electrostatic repulsion between the 

positively-charged molecules (Fig. 3B). In contrast, in the presence of 0.8 mM and 90 mM ATP, significant 

intermolecular PREs are observed. Notably, the intermolecular PREs, and hence intermolecular contacts, are 

largest in the presence of 90 mM ATP where the surface electrostatic potential is closest to neutral along the 
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backbone of the protein (−3.4 mV, on average) and decrease as the surface charge increases (maximum ENS 

values of +40 mV and + 30 mV for samples with 0 mM and 0.8 mM ATP, respectively) (Fig. 3B). The 

observed PREs from A658C-TEMPO were larger in the aromatic-rich portions of the molecule, consistent 

with our previous intermolecular NOE analyses showing a number of interaction hotspots (residues 624-626, 

638-640, and 660-666) localized to these aromatic-rich regions2. 

 

5. Discussions 

Our results establish that, at least in the 

positively charged CAPRIN1 system, decreases in 

ENS upon addition of increasing amounts of ATP 

correlate with progression towards the phase-separated 

state, as illustrated schematically in Fig. 3C. In the 

absence of ATP, CAPRIN1 has a positive surface 

potential across the molecule (>+20 mV), with 

maxima at the N- and C-terminal Arg-rich regions of 

the protein ( +40mV). Thus, electrostatic repulsion of 

proximal chains prevents self-association (Fig. 3C, 

step I). Upon addition of ATP, the positive surface 

potential of CAPRIN1 decreases, initially more in 

Arg-rich regions, showing that ATP interacts initially 

with the positively charged termini of the protein (Fig. 

5, step II). Increasing amounts of ATP eventually lead 

to accumulation of a condensed phase (demixed state) 

and neutralization of CAPRIN1 chains (Fig. 3C, step 

III), where each protein molecule interacts with 

approximately 5 equivalents of ATP. Neutralization of 

CAPRIN1 is accompanied by favorable intermolecular 

interactions connecting neighboring CAPRIN1 molecules, stabilizing the protein-condensed phase (Fig. 3C, 

step III). Our intermolecular PRE results show a strong correlation between reduction in electrostatic 

potential and enhanced intermolecular interactions, supporting the model. Further addition of ATP (> 60 

mM) leads to re-entrance into a mixed phase. This is accompanied by a charge inversion of CAPRIN1, with 

a slight negative potential localized to the aromatic-rich regions of the molecule. The net negative potential 

of the CAPRIN1 chain likely prevents the intermolecular interactions that are required for phase separation, 

leading to disassembly of condensates (Fig. 3C, step IV). Thus, electrostatics play a central role in modulating 

the biological functions of this protein, and measurement of electrostatic potentials at each site along its 

backbone provides an opportunity to understand in more detail the important role of charge in this system.  
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Biphasic activation of -arrestin 1 upon interaction with a GPCR revealed by methyl-
TROSY NMR 
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-arrestins ( arrs) play multifaceted roles in the function of G protein-coupled receptors (GPCRs).  
arrs typically interact with phosphorylated C-terminal tail (C tail) and transmembrane core (TM core) of 

GPCRs.  However, the effects of the C tail- and TM core-mediated interactions on the conformational 
activation of arrs have remained elusive.  Here, we show the conformational changes for arr activation 
upon the C tail- and TM core-mediated interactions with a prototypical GPCR by nuclear magnetic 
resonance (NMR) spectroscopy.  Our NMR analyses demonstrated that while the C tail-mediated 
interaction alone induces partial activation, in which arr exists in equilibrium between basal and activated 
conformations, the TM core- and the C tail-mediated interactions together completely shift the equilibrium 
toward the activated conformation.  This plasticity of arr conformation in complex with GPCRs engaged 
in different binding modes may explain the multifunctionality of arrs. 
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Figure 1 | Chemical shift difference between basal and 
activated state and mapping of the residues with chemical 
shift differences 

 
Figure 2 | (Top) Resonances from 
I207 in basal state, the complex with 
phosphorylated 2V2R bound to the 
full agonist, and the complex with 
phosphorylated 2V2R bound to the 
inverse agonist 
(Bottom) Schematic representation of 
the conformational activation of arr1 
upon binding to the phosphorylated 
GPCRs 
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An affinity-driven protonation-coupled substrate transport of a 
MATE transporter
Koh Takeuchi1 and Ichio Shimada1,2
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RIKEN Center for Biosystems Dynamics Research, Yokohama, Japan. 

The multidrug resistance (MDR) systems are ubiquitous in life, as the extrusion of cytotoxic compounds 
is essential for maintaining cellular homeostasis and survival. The MDR activities are often achieved by a 
system consisting of polyspecific multidrug-binding transcriptional factors and multidrug-efflux transporters, 
in which increased expression of multidrug-efflux transporters is achieved by binding a range of toxic 
compounds to multidrug-binding transcriptional factors. Elevated expression of multidrug-efflux transporters 
in pathogens and cancers constitutes a significant challenge for medication, as it reduces the effects of 
antibiotics and chemotherapeutic compounds etc. 

The multidrug and toxin extrusion (MATE) family is a monomeric 12-transmembrane (TM) multidrug-
efflux transporters. Structures of MATE 
transporters share a unique topology 
where two lobes of 6-TM bundles 
(hereafter, we call the TM1-6 and TM7-
12 bundles as N- and C-lobe, 
respectively) form pseudo-dimeric 
structures that face each other about the 
membrane normal (Fig. 1). N- and C-
lobes are connected by a long 
intracellular loop (IL6-7, Fig. 1 bottom 
right in each structure). 

Compound efflux is coupled with H+ influx in Pyrococcus furiosus MATE (PfMATE). Thus, the 
transporter is classified as H+-coupled antiporters. Most of the MATE structures were solved in the outward-
facing (OF) conformations, in which the two lobes interact tightly at the intracellular side forming a large 
cavity open toward the extracellular/periplasmic side (Fig. 1, left). Especially, the tight mainchain interaction 
between two conserved Gly residues (Gly96 and Gly309) at the intracellular closing, called the Gly gate, is 
proposed to stabilize the OF conformation. 

Similar to other transporter families, the MATE transporters are considered to transport ligands by an 
alternating access mechanism, in which a ligand export is coupled with a whole-molecular isomerization 
between the OF conformation (Fig. 1, left) and the inward-facing (IF) conformation (Fig. 1, right). However, 
the structural mechanisms of the conformational rearrangements have not been fully elucidated, as only one 
IF conformation has been reported thus far, and the partially unfolded TM1 conformation observed in the 
reported IF crystal structure has been criticized as it seems to reflect the packing interactions imposed by 
crystal contacts between protomers. Thus, the whole structural landscape of the proton-coupled compound 
transport mechanism of the MATE transporter at a functional condition is not yet conducted. In addition, 
while some protonation sites that are important for transport activity, such as Asp41 and Glu163, were 
proposed, the roles of these residues in the proton-coupled substrate antiport are not structurally elucidated.

Dynamics, Transporter, Conformational Equilibriums

Fig. 1 PfMATE structures in the OF and IF conformations.

L3-3 
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To address these central issues of the transport mechanism, we carried out 
the structural and dynamical analyses of PfMATE solubilized in n-dodecyl- -
D-maltoside (DDM) micelle under different pH conditions by using nuclear 
magnetic resonance (NMR) spectroscopy. All NMR data were corrected at 
elevated temperature (50°C), which is more relevant to the protein from a 
thermophilic bacterium and substantially higher than currently available 
structural studies. 

From the pH-dependent chemical shift change (Fig. 2) and the solvent 
accessibility deduced from the PRE experiments (Fig. 3), NMR analyses 
revealed that PfMATE resides predominantly in the OF conformations at 
neutral pH (pH 6.8) while mostly in the IF conformation at acidic pH (pH 3.7). 
In the intermediate pH range, PfMATE is under a slow conformational 
equilibrium between the OF and IF conformations (Fig. 2, middle). In line with 
these notions, mutation of the glycine gate (Gly86 and Gly309) or the 
intracellular protonation site (Glu163) shifts the conformational equilibrium 
toward the IF conformation by disrupting the key interactions that stabilize the 
OF conformation. In contrast, the disruption of the extracellular protonation 
site, Asp41, did not alter the conformational equilibrium between the OF/IF 
conformations. Thus, we concluded that the protonation of Glu163 is critically 
important for the conformational switch between the OF and IF conformations.

We also found that the binding of substrates, ethidium, is stronger to the IF 
conformation (~40 M) than that to the OF conformation (> 1 mM). The same 
was valid for another substrate, norfloxacin. From this observation, we propose 
an affinity-driven export of compounds by 
PfMATE. Even though the substrates can 
bind both N- and C-robe sides of cavities, 
they bind only weakly to the OF 
conformation. Thus, the compounds 
dissociate easily from PfMATE in the OF 
conformation at the last step of the 
transporting process.

In contrast, the high-affinity compound 
interaction to the IF conformation biases the 
substrate interaction occurs mostly on the 
intracellular side, in an occasion when 
Glu163 is protonated. and the successive 
proton release from Glu163 induces the 
spontaneous switch from the IF to OF 
conformations. Since Glu163 is in the 
intracellular side and the presence of the positively charged compounds blocks the proton migration to the 
OF cavity, the proton release should happen toward the intracellular side. This would explain the coupling 
of the substrate export and the proton import in the transporter. Thus, our NMR data provide unique evidence 
to propose that PfMATE export substrates via an affinity-driven proton-coupled antiport mechanism.

Fig. 2 NMR spectrum of 
PfMATE at distinct pH 
conditions.

Fig. 3 Solvent PRE experiments of PfMATE at (A) neutral 
and (B) acidic conditions.
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Correlation and distance measurements between 1H and 14N using 14N 
overtone NMR spectroscopy

Yusuke Nishiyama1,2

1 JEOL RESONANCE Inc.
2 RIKEN-JEOL Collaboration Center, RIKEN

Inspired by the pioneering work of direct observation of 
14N overtone transitions under MAS [1], we have tried to 
observe 1H/14N correlation under fast MAS conditions using 
a 1H/14N overtone HMQC method.[2] (Fig. 1) Since 1H-14N 
overtone coherences build two-times quicker than those of 
14N fundamental transitions, use of 14N overtone pulse 
potentially enhance the sensitivity. In addition, 14N overtone 
transition is free from the first order quadrupolar broadening, 
eliminating the necessity of the precise magic angle 
adjustment unlike fundamental 14N transition. Although 
1H/14N correlations were successfully observed, the method 
was suffered from limited excitation width of 14N overtone 
pulse due to its slow nutation rate and thus long excitation 
pulse. We come up with the idea to utilize this band-limited 
nature of 14N overtone pulse to selectively excite coherences 
between 1H and a specific 14N nucleus.

N-H distance measurements: Although precise 1H-14N distance measurements can be made by using PM-
S-RESPDOR experiments by uniformly saturate all the 14N nuclei [3], the presence of multiple 14N sites 
introduces complexity in data analysis. The use of 14N overtone pulse in S-RESPDOR allows us to selectively 
determine the distance between a selected 1H-14N pair even in the presence of multiple nitrogen sites in 
vicinity.[4] (Fig. 2)

Fig.1 14N overtone/1H HMQC spectrum 
of glycine observed at 70 kHz MAS.

Fig.2 (left) 1H/14N OT REDOR/RESPDOR sequence. S’ and S0 are observed with and without 14N OT 
saturation pulse, respectively. (right) 1H/14N OT REDOR/RESPDOR fraction curve observed at two 
different 14N OT frequencies. Selective distance measurements between NH3+ and NH were achieved.

L3-4 
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N-H correlation: The selective nature of 14N overtone pulse also allows frequency-swept approach to 
record frequency response similar to historical CW NMR spectrometers. 1H-14N overtone S-RESPDOR gives 
1H resonances only if 14N overtone frequency hits the 14N nucleus which is dipolar-coupled with the 1H 
nucleus. Thus, a set of 1H-14N overtone S-RESPDOR spectra with varying 14N overtone frequencies provides 
1H/14N overtone correlation spectra.[5] The method allows highly efficient observation of 1H/14N correlations 
even for remote (non-bonded) 1H-14N pairs. 
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Fig. 3 Comparison of 1H/14N correlation spectra observed D-HMQC and RESPDOR.  
In the RESPDOR approach, 1H S0-S’ spectra were plotted at various 14N OT frequencies. 

－ 87 －



Revealing cation disorder and hydrogen bonding in minerals via multi-nuclear NMR and 
first-principles calculation 

Xianyu Xue1 

1 Institute for Planetary Materials, Okayama University  
 

Over the years, we have applied a combined approach of solid-state NMR and first-principles 
calculation to unravel cation (Si/Al/Mg/Zn…) distributions, hydrogen distribution and hydrogen bonding 
for a large number of important silicate and oxide minerals, in order to help understand their 
physical/thermodynamic properties and stability. Here, I showcase our latest study on the Si/Al distribution 
and hydrogen bonding of a nature mineral, ussingite (Na2AlSi3O8OH), which features a unique partially 
interrupted framework structure and strong hydrogen-bonding. It will be demonstrated that a combined 
comprehensive NMR and first-principles calculation unambiguously revealed the existence and correlation 
of Si-Al disorder and OH groups of both stronger and weaker hydrogen bonding than the ordered structure. 
The ability to clearly reveal the correlation between Si/Al disorder and hydrogen-bonding strength opened 
up exciting opportunity for greater understanding of crystal chemistry of minerals and inorganic materials.  
 
Introduction  

Cation order/disorder and hydrogen-bonding in minerals and related inorganic solid materials are 
important factors affecting their physical and chemical properties and stability. NMR spectroscopy is a 
unique tool to provide such information. The utilization of multi-nuclear and multi-dimensional NMR 
techniques in combination with first-principles calculations greatly enhances the amount of information 
that can be extracted from minerals and inorganic materials of complicated disorder and defects. 

 Over the years, we have applied such an approach to 
unravel cation (Si/Al/Mg/Zn…) distributions, hydrogen 
distribution, and hydrogen bonding in a large number of 
important hydrous and nominally anhydrous silicate and oxide 
minerals, often synthesized at high pressure and temperature to 
simulate the conditions of the interiors of the Earth (e.g., Xue 
& Kanzaki, 2009; Stebbins & Xue, 2014; Xue et al., 2016). We 
recently also demonstrated the usefulness of NMR 
spectroscopy for the study of cation (Ca/Ba) distribution in 
calcite mineral (Marugata et al., 2022). Here, I will showcase 
our latest study on the Si/Al distribution and hydrogen bonding 
of a nature mineral, ussingite (Na2AlSi3O8OH), which has a 
unique partially interrupted framework structure and features 
strong hydrogen-bonding (see Fig. 1).  

In the structure of ussingite, there are four tetrahedral (T) 
sites. T1 & T2 are Q4 (i.e., having 4 next nearest neighbor 
(NNN) T sites), and T3 & T4 are Q3 (i.e., having 3 NNN T 
sites). The Si/Al distribution of their NNN environments are as 
the following (in brackets): T1(1T2,1T3,2T4), T2(1T1,2T3,1T4), T3 (1T1,2T2), T4(2T1,1T2). Hydrogen 
was found to be in the T4-O8-H···O2-T3 configuration, with a short hydrogen-bonding O8···O2 distance  
 

Keywords: mineral, cation disorder, hydrogen bonding 
  

Fig. 1. Crystal structure of 

ussingite 
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(2.481 Å) (Williams & Weller, 2012). In the ordered structure, T1 is only occupied by Al, and the other T 
sites are only occupied by Si. Previous X-ray and neutron diffraction (Rossi et al., 1974; Williams & 
Weller, 2012; Ribbe, 1974) and 1H, 29Si NMR studies (Oglesby & Stebbins, 2000; Johnson & Rossman, 
2004) gave contradictory conclusions as to whether Al-Si disorder exist, and which site Al is disordered 
into. As many geologically and technologically important aluminosilicate glasses and melts are of partially 
depolymerized structures, constraining the Si-Al distribution in ussingite may provide a general crystal 
chemical understanding of the partition behavior of Al in partially depolymerized aluminosilicate structure. 
Furthermore, how the Si-Al disorder affects the behavior of strong hydrogen bonding is also of great crystal 
chemical significance. In this study, I was able to unambiguously clarify the Si/Al distribution and its effect 
on the hydrogen bonding in ussingite via combined comprehensive NMR measurements and first-principles 
calculation.  
 
Methods  

NMR measurements were performed on a natural ussingite sample from Lovozero alkali Massif, 
Russia, initially using a Varian 9.4 T Unity-Inova spectrometer and 2.5 mm T3 MAS probe, and 
subsequently using a Bruker 9.4 T Avance NEO spectrometer and a 3.2 mm MAS probe. First-principles 
calculations (energy & NMR parameters) were performed with the GIPAW method using the Quantum-
ESPRESSO package (v.7.0). Both the ordered ussingite structure and models for Si-Al disorder were 
studied. For the latter, one pair of Al-Si exchanged between a T1 site and each of its NNN (1T2, 1T3 , 
2T4), as well as between a pair of remote T1 and T2 sites in a 2x2x2 supercell (256 atoms) with were 
examined. For each calculation, the crystal structure was first fully relaxed before NMR calculation. The 
PAW-pseudopotential and PBEsol functional (from the PSlibary) was used. 
 
Results & Discussion  

1H-29Si CPMAS NMR of ussingite revealed three main peaks near -84, -88 and -96 ppm, which may be 
attributed to Q3(1Si2Al), Q3(2Si1Al) and Q4(3Si1Al), corresponding, respectively, to T4, T3 and T2 site in 
the ordered structure. These main peaks clearly each contain more than one component(s). In addition, 
weak peaks near -81 and -92 ppm were also revealed, which may be, respectively, attributed to Q3(3Al) 
and Q3(3Si). These features can be accounted for only by Si-Al disorder between T1 and T2 sites, contrary 
to previous speculations of disorder between T1 and T3 or lack of disorder. 1H MAS NMR revealed a main 
peak near 13.8 ppm (with a shoulder near 13.3 ppm), a group of three partially resolved weaker peaks near 
15.8, 15.5, 15.2 ppm, and another weaker peak near 11.0 ppm, similar to that reported for a sample of 
different locality (Johnson & Rossman, 2004). 2D 1H DQ MAS NMR confirmed that all these peaks belong 
to the same structure. Furthermore, 2D 1H-29Si HETCOR NMR revealed that there are 4 components for 
the group of proton peaks near 15 ppm, which are each correlated to two Si of the same number of nSi(3-
n)Al neighbors (two of them correlated with two Si(1Si2Al), and the other two with two Si(2Si1Al)), and 
the proton peak near 11 ppm is correlated to Si(3Al) and Si(3Si). As in the ordered structure, each proton is 
associated with one Si(1Si2Al) and one Si(2Si1Al), this observation indicates that the extra proton NMR 
peaks near 15 and 11 ppm are due to OH groups which are either bonded or hydrogen-bonded to a Si site 
that is next to a disordered T site. Both the 29Si and 1H NMR data are consistent with about 3% Si-Al 
disorder. 23Na and 27Al 3QMAS NMR data are also consistent with local structural disorder. 

First-principles calculation support the above experimental observation and provide further insight into 
the relationship between Si/Al disorder and hydrogen-bonding. The calculation revealed that Si-Al 
exchange between NNN T1-T2 is energetically most favorable and thus the most plausible model; the other 
models with Si-Al exchange between NNN T1-T3, T1-T4, or remote T1-T2 sites, which are accompanied 
by formation of Al-NBO (non-bridging oxygen), AlOH and/or Al-O-Al, gave higher energies (by 28~68 
kJ/mol), consistent with the known unfavorable formation of Al-NBO and AlOH (relative to Si 
counterparts) and Al avoidance principle. The calculated 29Si and 1H chemical shifts of the model with Al-
Si exchange between NNN T1-T2 agree well with the observed NMR data and the peak assignment 
described above. The correlation between the Si/Al disorder and hydrogen-bonding distances is explainable 
by the transmission of bond strength variation associated with Si/Al disorder to hydrogen-bonding distance 
variation. To my knowledge, this is the first study that has clearly revealed such a relationship.  

In conclusion, this study has unambiguously revealed the presence of about 3% Si-Al disorder between 
T1 & T2 sites (both Q4) in ussingite, which is accompanied by the formation of OH of both stronger and 
weaker hydrogen bonding (larger and smaller 1H chemical shift). These results provided insights into the 
partition behavior of Si-Al in partially depolymerized aluminosilicate structure and its relationship with 
hydrogen bonding strength. 
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Innovations in High-field Protein Solid-state NMR and 
its Applications to Amyloid- Fibrils and Other Biomolecules
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Tehrani,1 Hibiki Terami,1 Yoshiki Shigemitsu,1 Naohiro Kobayashi,2 and Yoshitaka 
Ishii1,2*

1School of Life Science and Technology, Tokyo Institute of Technology, 
Yokohama, Japan
2BDR Center, RIKEN, Yokohama, Japan

This study presents our ongoing efforts to advance high-field protein solid-state NMR (SSNMR) from 
two aspects. First, we discuss applications of biomolecular SSNMR to amyloid fibrils and other systems.
Second, we discuss our recent progress in biomolecular solid-state NMR (SSNMR) for resolution and 
sensitivity enhancement by 1H-detected SSNMR, ultra-fast magic angle spinning, and use of a high 
magnetic field.[1, 2] We also demonstrate that traditionally time-consuming 3-5D biomolecular SSNMR is 
feasible for signal assignments in a nano-mole-scale with this approach. 

We first discuss our progress in structural examination of misfolded amyloid- ) by SSNMR. 
Increasing evidence suggests that 
formation and propagation of misfolded 
aggregates of 42-
than more 
the Alzheimer’s cascade. Our SSNMR 
study recently revealed a unique S-

for the first time.1 Here, we discuss the 
feasibility of characterizing the 
structure of trace amounts of brain-
derived and synthetic amyloid fibrils by 
sensitivity-enhanced 1H-detected solid-
state NMR (SSNMR) under ultra-fast 
magic angle spinning (UFMAS).2 Data 
on cryoEM and SSNMR analysis of A
fibril and NMR analysis of other 
biopolymers will be also presented. 

Solid-state NMR 1H-detection, Ultra-fast MAS, Amyloid

Ayesha Wickramasinghe, Tatsuya Matsunaga, Isamu Matsuda, Mohammad Jafar Tehrani, Hibiki Terami, 
Yoshiki Shigemitsu, Naohiro Kobayashi, Yoshitaka Ishii

Figure 1. (Right)  High sensitivity 1H-detected 1H/13C 2D 
SSNMR using UFMAS provided molecular fingerprints of 
A 42 fibrils (200 g) templated from ~20 ng of brain-
derived amyloid fibrils from Alzheimer’s patient only after 
9-min measurements. Left A corresponding 2D spectrum 
for synthetic A 42 fibril reveals distinctive spectral 
features, demonstrating the presence of drastically different 
molecular structures for brain-derived A 42 fibril.  

L3-6

－ 90 －



Second, we discuss our recent progress in resolution and sensitivity enhancement in 1H-detected 
1H frequency 700 

MHz ).3,4 -consuming 3-5D 
biomolecular SSNMR is feasible for signal assignments in a nano-mole scale with this approach. We also 
discuss novel concepts for drastic sensitivity enhancement by various polarization-transfer schemes using 
ultra-fast MAS.5 The progress of the JST MIRAI project to construct ultra-high field NMR will be briefly 
outlined. 
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NMR-Based Molecular Rheology for the Study of Chain 
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Polymeric materials (including biomolecular samples) are characterized by molecular 
dynamics covering a large timescale range, often accompanied by a complex morphology, 
comprising phases with different molecular packing and vastly different mobility. Established 
high-resolution, mostly 13C-based solid-state NMR can play out its full power in elucidating 
these complexities, but at the expense of long experimental times. In this contribution, I
summarize the options provided by 1H low-resolution (possibly low-field) NMR in gathering 
relevant information on the dynamics of polymer chains.

Dynamic information is mostly encoded in transverse spin evolution governed by the dipolar 
coupling network [1]. Therefore, methods as simple as transverse relaxation measurements
can be used to characterize the dynamics qualitatively, e.g. distinguishing between rigid 
(glassy/crystalline) regions and mobile domains featuring large-scale segmental and chain 
motion far above the glass transition. In the latter case, the dynamics is characterized by 
power-law time correlation functions and local motional anisotropy, the latter leading to finite 
residual dipolar couplings in the ten to few hundred Hz range. Also, these can be probed 
quantitatively and be used to back up or disprove models in polymer physics aimed at an 
understanding of e.g. mechanical properties. To this end, proton multiple-quantum (MQ) 
NMR has established itself as a more advanced, better analyzable version of transverse 
relaxometry [1,2]. The two signal functions provided by this technique can be processed and 
fitted rather reliably, allowing for a separation of coherent spin evolution due to (residual) 
dipolar couplings and incoherent transverse relaxation effects [3]. 

These principles are demonstrated in recent applications focusing on the chain dynamics in 
transient associating networks, which could possibly be applied as self-healing materials.
Specifically, we study the relations between the microscopic chain dynamics and the 
mechanical behavior of transient elastomers based upon poly(isobutylene), PIB with “sticky”
side- or endgroups that form clusters in the nm range. The dynamics of the chains and of the 
sticky groups were studied by a combination of dielectric spectroscopy (DS), 1H static MQ as 
well as high-resolution MAS NMR, and are correlated with the rheological behavior.

The first material platform are butyl rubber ionomers with sparse imidazole-based sidegroups, 
which show promise as self-healing elastomers [4,5]. For the first time, we have demonstrated 
a quantitative agreement of the NMR-detected chain relaxation and the rheology results [5], 

solid-state NMR, low-resolution multiple-quantum NMR, polymer dynamics
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The combined results suggest a hierarchical 
model of sticker and chain dynamics as depicted in Fig. 1.

Figure 1. Hierarchy of (thermo)dynamic processes relevant for sticky chain dynamics in.self-healing 
elastomers as elucidated by a combination of 1H NMR, dielectric spectroscopy and rheology [5].

The second platform are telechelic linear and star-shaped PIBs carrying different hydrogen-
bonding moieties [7]. Here we could address the relation between the terminal time of the 
individual chains and the onset of flow, which turn out to be equal [8]. Therefore, in this case 
the one theory considering systems with clustered stickers [9] is disproven. The cluster-
related relaxation detected by DS is always much faster than the chain relaxation probed by 
NMR. The overall trends suggest that all relaxations are dominated by a cluster-related 
activation barrier, but also that the DS-based cluster relaxation cannot be directly associated 
with the sticker lifetime, in contradiction to the common assignment of the DS-detected 
process [10]. We thus suggest a reconsideration of the assumptions made in explaining the 
relationship between molecular-scale and macroscopic dynamics in such transient elastomers. 
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Non-Covalent Secondary Bonding Interactions Examined 
via Multinuclear Solid-State Magnetic Resonance
David L. Bryce1

University of Ottawa, Ottawa, Canada.

A large proportion of the elements of the periodic table have isotopes amenable to study via 
NMR spectroscopy. Similarly, in recent years the concept of element-based non-covalent 
interactions, also known as secondary bonding interactions, has gained traction and attracted 
much interest in a variety of communities. Analogous to the ubiquitous hydrogen bonds, other 
interactions such as halogen bonds, chalcogen bonds, pnictogen bonds, and tetrel bonds, for 
example, have found applications in crystal engineering, supramolecular chemistry, catalysis, 
and materials science. Here, I will describe our ongoing efforts to characterize and understand 
these various classes of bonds via multinuclear solid-state NMR spectroscopy. For example, 
we have applied 35/37Cl, 79/81Br, and 127I solid-state NMR and nuclear quadrupole resonance 
(NQR) spectroscopies to examine the NMR response of a variety of halogen bond donors upon 
bond formation. 77Se and 125Te magic-angle spinning (MAS) NMR has been used to understand 
the impact of chalcogen bonding on the selenium and tellurium chemical shift tensors. 121Sb 
quadrupolar coupling constants measured via NQR spectroscopy have been measured and used 
in a rudimentary NQR crystallographic refinement protocol to obtain structural information on 
novel materials prepared using mechanochemical approaches. Other recent work from our 
laboratory includes the in-situ monitoring of halogen bond formation in the solid state via 31P
MAS NMR. Deuterium NMR has been used to demonstrate the modulation of molecular 
dynamics via halogen bonded networks in solids.  Finally, we will describe a recent 
comprehensive study of the NMR response of the tin tetrel bond, where in particular 
J(119Sn,35Cl) couplings are shown to be valuable indicators of non-covalent bond formation 
between tin and oxygen. 

Non-covalent interactions; solid-state NMR; coupling constants
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Studying protein weak interaction by NMR
Nico Tjandra
Biochemistry and Biophysics Center, National Heart, Lung, and Blood Institute, 
National Institutes of Health, Bethesda, U.S.A.

High resolution NMR is an invaluable tool to study weak biomolecular interactions. The ability for NMR to 
provide both structural and dynamic information in a site-specific manner can uniquely be tailored to study 
such interactions. Relaxation NMR based experiments, such as NMR R2 dispersion, Chemical Exchange 
Saturation Transfer (CEST), Dynamic Exchange Saturation Transfer (DEST) and others are designed to 
probe systems that undergo exchange processes at different time scales. While residual dipolar coupling 
(RDC) and residual chemical shift anisotropy (RCSA) can provide information on systems containing 
multiple conformations in equilibrium. Moreover, paramagnetic relaxation enhancement (PRE), and pseudo 
contact shift (PCS) can also report on the existence of multiple states of a system. This large number of 
diverse NMR methods to study weak interactions, that span a large range of timescales and differentially 
sensitive to distances, illustrates the advantage of solution NMR compared to other biophysical or 
biochemical techniques.

We employed a subset of the above NMR approaches to study a paralog of phosphotransferase systems in E. 
coli. These systems are important in metabolic and stress response processes. These phosphorylation use 
structurally similar enzyme, Enzyme Isugar (EIsugar) for the sugar import and Enzyme INtr (EINtr) for the nitrogen 
regulation. Furthermore, their substrates HPr and NPr for EIsugar and EINtr, respectively also have similar fold. 
Despite similarity in the structures of the enzymes and their substrates these transfer pathways are very 
specific in forming enzyme-substrate complex that results in phosphorylated substrate and show no reversible 
phophotransfer. We used PRE to study the specificity of N terminal of EINtr (EINNtr):NPr complex formation 
by evaluating the formation of its encounter complexes. Our PRE data demonstrated the presence of 
encounter complexes not only between EINNtr and its expected substrate NPr, but also with the unexpected 
substrate HPr (Figure 1). Unlike NPr, HPr occupies encounter sites on EINNtr without the ability to form a 
final stereospecific complex. By occupying the non-productive sites, HPr drives NPr transient interaction 
towards the productive sites, which are closer to the specific binding site. This has a consequence of 
enhancing the specific complex formation between NPr and EINNtr. Noting that the concentration of HPr is 
over 150 times higher than NPr in the cell, we postulated that the formation of competitive encounter between 
structurally similar substrates and a target enzyme can be a mechanism to generate cross-regulation of its 
activity.

We tested our above proposal for cross-regulation from weak encounter complex formation using a coarse-
grained simulation (Figure 2). As it is still not clear whether the encounters involving non-cognate substrate 
can have a cooperative or competitive role. The results of our simulation confirmed our proposal that 
encounter complexes can be cooperative or competitive, thus increasing or lowering the effective binding 
affinity of the specific complex under different conditions. Our findings raised an interesting possibility for 
organism to take advantage of low affinity interactions to build fine-tuned signaling pathways.

To test the generality of our hypothesis, the use of weak encounter complexes as a mechanism for cross-
regulation, we are also studying an enzyme, SixA in the phosphotransfer system of the bacteria. This enzyme 
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was shown to dephosphorylate NPr, but shows no significant activity towards HPr. Consistent with our 
hypothesis, titration with either NPr or HPr show chemical shift changes on SixA. The measured chemical 
shift changes are quite small signifying weak interactions. We confirmed these interactions using PRE. 
Similar to the observations in the EINtr case, the site of interactions between the two substrates don’t overlap.
More importantly these weak interaction sites are away from the SixA active site. We propose that we are 
observing the sites associated with the substrates leaving the enzyme active site, which is reflective of its off 
rate. Since we are seeing different “off” sites for NPr and HPr, it suggests that these two substrates might 
have cross-regulation as observed for EINNtr. Future experiments will be aimed at testing this cross-regulation 
action of NPr and HPr on SixA.

Figure 1. Paramagnetic relaxation enhancement on EINNtr upon addition of different 
substrates. a) Normalized intensity between free EINNtr and after the addition of HPr E5C 

mutant tagged with MTSL. b) Intensity ratio between free EINNtr in complex with wild type 
NPr and EINNtr in complex with NPr T6C tagged with MTSL. c) The PRE of EINNtr and NPr 
T6C-MTSL. The inset shows the structure of the complex between IENNtr and NPr with the 

distinct domains of EIN indicated. The sample was reduced using ascorbic acid to serve as the 
diamagnetic reference. Stars indicate residues which were broadened beyond detection. The
enzyme EINNtr structure is shown on the left, while the structures of HPr and NPr with the 
location of the MTSL tag are shown on the right. The domains , / , and C-terminal of 
EINNtr are marked at the top of the panel a. The mutation site H356Q is also indicated. 
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Figure 2. Coarse-grained model of EINNtr interaction with NPr and HPr. a) The structure of 
the complex between EINNtr and NPr is shown on the left. The representation of the enzyme 
and substrate used in the simulation is depicted on the right. Each amino acid in the EINNtr is 

represented by a sphere with an appropriate radius, while NPr or HPr is represented by a 
single sphere with a radius equaled to their radius of gyration. b) The various processes being 
considered in the simulation for NPr interaction onto EINNtr. The spin label on NPr is shown 
in orange stick on the left of panel a, and a small orange sphere on the right and in panel b. c)

Processes included in the simulation of HPr interaction with the enzyme.
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Clarification of the GPCR signaling mechanism based on 
the function-related conformational dynamics
Takumi Ueda1

Graduate School of Pharmaceutical Sciences, The University of Tokyo

Proteins exert their biofunctions with continuously changing their conformations.  In relation 
to this point, solution NMR methods provide quantitative information about the dynamics of 
proteins over a wide range of frequencies, in aqueous solutions at near-physiological 
temperatures.  I have been utilized NMR for the structural elucidation of the functions of high 
molecular weight proteins, including signaling of G protein-coupled receptors (GPCRs)1-7 and
bacterial thermotaxis regulation proteins, conductivity regulation of ion channels8, electron 
transport of photosynthetic membrane proteins9, and DNA repair reaction of photolyase.

GPCRs function as receptors of various chemical messengers, including 
neurotransmitters, hormones, cytokines (chemokines), and metabolites, and more than 30% of 
current drugs target GPCRs.  NMR studies of GPCRs are challenging, because of their huge 
size, low yield and stability, limited stable isotope labeling method in eukaryotic protein 
expression systems, which are utilized in GPCR studies, thus the amount of information on the 
conformational dynamics of GPCRs is limited.  To overcome these bottlenecks, we have 
developed various methods for sample preparation, NMR measurement and data analyses, and 
applied these methods to observe the function-related conformational equilibrium of GPCRs.
For example, we developed methods for determining the rate constants of sophisticated 
conformational equilibrium models from NMR data using exchange Monte-Carlo algorithm2,
and methods for the sparse sampling and reconstruction of multidimensional NMR data, leading 
to > 50% reduction of the measurement time of 2D NMR spectra5.

To address the mechanism underlying the unique characteristics in the signal 
transduction of GPCRs, such as efficacy and biased signaling, we performed NMR analyses of 

2 adrenergic receptor ( 2AR) and opioid receptor ( OR) bound to ligands with various 
efficacies and biased factors4,7. Resonances from the residues in the transmembrane region of 

2AR and OR exhibited their chemical shifts, linewidths, and the number of signals dependent 
on the efficacies of the ligands.  Based on these results, we demonstrated that 2AR and OR 
exists in equilibrium among multiple inactive and active conformations, and the populations of 
the active conformation determine the ligand efficacy and biased signaling.  

Under the physiological conditions, GPCR are embedded in the lipid bilayer of cells.  
To address the effects of the lipid bilayer environment on the function and conformational 
dynamics of GPCRs, we examined GPCRs embedded in the lipid bilayer of reconstituted high
density lipoprotein (rHDL).  We demonstrated that the population of the active conformation
of 2AR in rHDL better correlates with the maximum cAMP response of the cells 
expressing 2AR than in micelles6. In addition, we examined the effect of lipid composition 
on the conformation and activities of adenosine A2A receptor (A2AAR)1. Our NMR analyses
revealed that A2AAR in the partial agonist-bound state exists in equilibrium between multiple

G protein-coupled receptor, membrane proteins,
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active conformations and an inactive conformation, and that the full agonist drives the 
equilibrium toward the multiple active conformations.  We quantified the G protein activation 
by A2AAR in rHDLs, and determined that the DHA chains positively modulate the signaling 
activity of A2AAR.  The DHA chains in rHDLs did not affect the equilibrium between the 
inactive and active conformations, but redistributed the multiple active conformations of 
A2AAR toward those preferable for G protein binding.  

The timescales and populations of the function-related conformational equilibria, 
determined by NMR, open an avenue for integrating information about the protein structures at 
atomic resolutions and the real-time observations of the cellular responses via GPCR signaling.  
For example, a time-course simulation of G-protein signaling, based on the intracellular 
signaling reaction rates and the exchange rates between the inactive and active conformations 
of 2AR, demonstrated that the 2AR agonists induce the 2AR activation, G-protein activation, 
and the increase in cAMP on timescales of milliseconds, hundreds of milliseconds, and seconds, 
respectively6.  It is exciting to look forward to the construction of GPCR signaling models that 
can quantitatively explain real-time cellular responses at atomic resolution.
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Atomic-level elucidation of amyloid formation mechanism 
by NMR spectroscopy
Daichi Morimoto1

Department of Molecular Engineering, Kyoto University

Accumulation of abnormal protein aggregates is a common hallmark of Alzheimer’s disease and other 
neurodegenerative disorders; the aggregates mainly consist of protein fibrils, i.e., amyloid fibrils. Despite the 
growing interest in their pathogenesis, the detailed formation mechanism remains elusive. To elucidate 
general amyloid formation mechanism, we first investigated the aggregation propensities of ubiquitin chains
that often include in protein aggregates observed in neurodegenerative diseases. We found that longer 
ubiquitin chains were more likely to form amyloid fibrils and our NMR relaxation analysis showed that 
intracellular ubiquitin binding receptors recognized polyubiquitin fibrils. To analyze formation of 
polyubiquitin fibrils in more detail, we have developed novel rheological NMR (Rheo-NMR) spectroscopy
to observe structural changes of proteins under shear conditions at atomic level and in real time. By using the 
developed Rheo-NMR spectroscopy, we captured precise structural changes of polyubiquitin chains during 
their amyloid formation. In addition, recently our Rheo-NMR simultaneously monitored structural changes 
of the folded and unfolded states of an ALS-related protein SOD1 in the amyloid formation processes.

Abnormal protein aggregation has often been 
observed in neurodegenerative diseases including 
Alzheimer’s and Parkinson’s diseases. Many 
inclusion bodies associated with neurodegenerative 
diseases contain ubiquitin, a posttranslational 
modifier. Although this involvement of ubiquitin has 
been reported since 1987, due to its extraordinarily 
high structural stability it remains unclear why 
ubiquitin is included in the pathological protein 
aggregates. By using differential scanning 
calorimetry (DSC), we found that the structural
stability of ubiquitin chains decreased with increasing 
chain length (Fig. 1a)1. In addition, heat or shear stress 
induced amyloid formation of polyubiquitin chains 
although monomeric ubiquitin does not form fibrils 
(Fig. 1b)1. Intriguingly, also in cells polyubiquitin 
chains formed fibrillar aggregates depending on chain 
length and their aggregates were selectively degraded by autophagy1. This result indicated that polyubiquitin 
fibrils were recognized by autophagic receptors. Indeed, an autophagic ubiquitin receptor p62 was 
colocalized with intracellular polyubiquitin fibrils. In addition, in the presence of polyubiquitin fibrils, 15N
transverse relaxation rates of p62 significantly increased, showing that p62 recognizes the fibrils (Fig. 1c)1.

Amyloid, Rheo-NMR, in situ monitoring

Fig. 1. Amyloid formation of polyubiquitin.
a, DSC curves for polyubiquitin chains of
different length. b, EM image of polyubiquitin 
fibrils. c, Increase in 15N transverse relaxation 
rates of the UBA domain of p62 upon its 
interaction with polyubiquitin fibrils. Morimoto, 
et al. Nat Commun 2015 modified1.
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To analyze amyloid formation of polyubiquitin in more 
detail, we developed novel rheological NMR (Rheo-
NMR) spectroscopy2. Although Rheo-NMR has been 
established for polymer science in 1990, no Rheo-NMR 
method had been applied to amyloid studies with 
sufficient NMR sensitivity. To overcome the sensitivity 
issue, we established a simple and versatile approach to 
Rheo-NMR, in which the inner rod connected with a 
glass stick is inserted into the NMR sample tube in the
NMR instrument equipped with a cryogenic probe (Fig. 
2a). Only the NMR tube is rotating by application of 
spinner spinning and the inner glass stick is stationary,
producing an outer-rotating Couette cell (Fig. 2b). We 
observed fibril formation of polyubiquitin in the
established Rheo-NMR instrument. Notably, during the 
fibril formation, we detected the chemical shift changes of the side chains of the residues at the edges of the 
alpha-helix and loops2. Thus, Rheo-NMR has the potential to capture structural changes during amyloid 
formation in situ and at atomic resolution.

By using the established Rheo-NMR, we recently 
analyzed amyloid formation of an ALS-related protein 
superoxide dismutase 1 (SOD1)3. Under the moderately
denaturing condition, we simultaneously monitored 
NMR signal decay of folded and unfolded SOD1. The 
NMR signals of the folded species decreased faster than 
those of the unfolded one (Fig. 3a) and the 310-helix of 
folded SOD1 was found to be deformed prior to global 
unfolding. In addition, we continuously measured
hydrogen exchange rates between amide protons of 
SOD1 and water during the amyloid formation. The 
amyloid-phase-dependent hydrogen exchange profiles 
identified the residues involved in the core structure 
formation of SOD1 amyloid oligomers (Fig. 3b).
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Fig. 2. Novel Rheo-NMR spectroscopy.
a, Schematic diagram of the established Rheo-
NMR instrument. b, Cross-section of the NMR 
sample tube in the Rheo-NMR instrument.
Morimoto, et al. Anal Chem 2017 modified2.

Fig. 3. In situ atomic-level monitoring of 
amyloid formation of SOD1.
a, Peak intensity decay of folded (upper) and 
unfolded (lower) SOD1 along its amyloid 
formation. b, Change in hydrogen exchange 
between amide protons of SOD1 and water in
the different phases of the amyloid formation.
Iwakawa, Morimoto, et al. J Am Chem Soc 2021
modified3.
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Pulse!
K. Takegoshi
Kyoto Univ. Kyoto, Japan

One of my delights as being an NMR spectroscopist is that I can manipulate coherence and 
magnetization of nuclear spins by rf pulses at my will (to some extent…). A simple example of 
such manipulation is found in the one pulse experiment; irradiation of a resonant rf pulse to a 
spin system at thermal equilibrium converts macroscopic longitudinal magnetization to 
transverse magnetizations (coherences), some of which evolves to induce current in the rf coil 
for us to taste. The first and still most active/popular pulse "sequence" may be the Hahn-echo 
sequence, which can refocus coherences of individual spin packets and form macroscopic 
transverse magnetization (spin echo). So far, I have developed several pulse sequences, most
of which are collated in Table 1. In this commemorative lecture, I would like to explain why 
and how some of them were produced. 

NMR, rf pulse

Table 1. Pulse sequences I have developed.
Ref. Abbreviation Simple explanation Year
1) TREV8 1H homonuclear decoupling based on the magic echo 1985
2) TAPF Modify the Hartman-Hahn condition for low 1986
3) PFCT Spin echo for AX spin systems 1989
4) SR-1331 Self-refocused binominal sequences 1989
5) R2TR X-X recoupling by rotational resonance in the TR frame 1995
6) MORE X-Y recoupling by modulatory resonance 1996
7) FSLG-m2mm 1H-X recoupling by LG 1999
8) RIR X-X recoupling by resonant interference recoupling 1999
9) AM-TPPM 1H decoupling by amplitude-modulated TPPM 2001
10) DARR X-X recoupling by dipolar-assisted rotational resonance 2001
11) NOP NOE to replace CP in solids 2002
12) CPNZ CP via non-Zeeman reservoirs 2007
13) COCODARR COSY+DARR ( ) 2008
14) COMPOSER CP using composite 0-degree pulses 2009
15) CPZ CP among Z magnetizations using COMPOSER 2014
16) DONUT 1H decoupling/recoupling under double-nutation irr. 2014
17) OD-CPZ Rotational resonance for 1H-X heteronuclear pairs 2017
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Tips to prevent aggregation and denaturation of 
proteins/peptides in solution NMR
Kaori Wakamatsu
Gunma University, Kiryu, Gunma, Japan.

Aggregation of proteins/peptides is one of the annoying problems in solution NMR studies. 
At higher temperature, in which better resolution and sensitivity are expected, proteins tend to 
aggregate more rapidly. In addition, titration experiments to determine the residues involved 
in the intermolecular interaction are often hindered by the formation of non-specific large 
aggregate particles, although each component may be stable and in a monomeric state in 
solution in the absence of the interacting partner. In this talk, I would like to share, with you, 
tips to prevent aggregation (and denaturation) of proteins, peptides, and their complexes. 

There are many causes that lead to the aggregation of proteins under conditions specific to 
NMR. 1. Silicate in D2O; long year ago, silicate was employed to precipitate proteins for 
concentration. 2. Surface of glass NMR tubes; silanol groups on very clean glass surface bind 
to peptide bonds. 3. Chemical shift reference compounds containing silicon atom such as 
DSS; DSS is reported to bind with peptides containing a high amyloidgenic A 1-40. These 
problems are prevented: 1. by passing D2O through mixed-bed ion-exchange resin, 2. by 
passivating the glass surface with dichlorodimethylsilane followed by quenching with 
methanol, 3. by using dioxane or DMSO as the reference. 

The (co-)aggregation of proteins and peptides containing the sequence with high 
amyloidgenic tendency may be prevented by using solvents of low ionic strength (to increase 
repulsive electrostatic interactions), by appending Gly residue, or by adding non-detergent 
sulfobetaines (NDSBs, Fig. 1), more specifically, choline-O-sulfate (COS) to the solvent. 

Fig. 1. Structure of NDSBs

Aggregation, Binding analysis, Denaturation, Stabilization

HL-2
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The effect of NDSB-195 to facilitate the mild solubilization of proteins was reported by 
Vuillard et al. in 1995. His group later reported chemical synthesis of various NDSBs and 
their favorable effects: prevention of denaturation and aggregation of proteins, facilitation of 
protein refolding and crystallization. We synthesized other NDSBs in a somewhat systematic 
manner, containing ammonium groups of different sizes and a sulfate group rather than the 
original sulfonate group (Fig. 1), to compare their effects on denaturation, aggregation, and 
refolding of proteins. It should be kept in mind that denaturation and aggregation are different 
phenomena and different precautions are needed. 

As for the prevention of denaturation of soluble proteins (hen egg white lysozyme, RNase A,
and cytochrome c), the strongest effect was observed for NDSB-181, which contains the 
smallest ammonium group and a sulfonate group. Its stabilizing effect is stronger than that of 
the most effective natural compatible osmolyte, trimethylamine-N-oxide (TMAO). On the 
other hand, m2 muscarinic acetylcholine receptor (m2R), one of GPCRs was best stabilized 
by NDSB-265O, which contains largest ammonium group and a sulfate group both in the 
non-solubilized (membranous) and the detergent-solubilized states. NDSBs with smaller 
ammonium group and a sulfonate group, such as NDSB-195, stabilized m2R, but their effects 
are weaker than NDSB-265O. In contrast to soluble proteins, not all GPCRs were stabilized 
by NDSBs or osmolytes: Mu opioid receptor was 2-ADR
and bacteriorhodopsin were destabilized by any of NDSBs and by osmolytes. The reason for
these differential effects on membrane proteins is elusive at present. 

As for the prevention of aggregation of soluble proteins, the strongest effect was observed for
NDSB-265O but this compound has a strong denaturing effect on soluble proteins. I would like 
to recommend NDSB-181 and -195 for the prevention of aggregation of proteins (not peptides), 
because these compounds exhibit both anti-aggregation and anti-denaturation effects. 

The strong effect of COS to prevent aggregation of proteins and peptides containing the 
sequence with a high amyloidgenic tendency may well be ascribed to the large negative charge 
of a sulfate group compared with a sulfonate group. This large negative charge will promote 
the association of COS to peptide bonds, preventing the amyloid-like association of peptide 
segments. The addition of COS enabled the successful titration analysis of the binding of a 
spinophilin fragment and an 2A-ADR fragment, the latter containing an amyloidgenic sequence. 

One may suspect that the addition of NDSBs have adverse effects on NMR measurements and 
the interaction of biomolecules. However, properly purified NDSBs do not affect pulse widths 
because they do not affect the ionic strength of the solution. Their specific viscosity is much 
smaller than that of glycerol. The apparent dissociation constant (Kd) of the interaction of 
NDSB-195 with acidic fibroblast growth factor ranged from 0.04 to 3 M; sufficiently strong 
interactions (with Kd < 1 mM) will not be affected by NDSBs. In fact, the activation of G i1

by m2-R was not affected by NDSBs. Noises originating from strong proton resonances of 
NDSBs can be eliminated by deuterating NDSBs; at least deuterated COS is commercially 
available. In addition, deuterated COS can be easily recycled after experiments.
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Structural equilibrium underlying ligand-dependent activation of 2-adrenoreceptor  

Shunsuke Imai1, Tomoki Yokomizo1,2, Yutaka Kofuku1, Yutaro Shiaraishi1, Takumi Ueda2, Ichio 
Shimada1 
1 RIKEN BDR 
2 Department of Pharmaceutical Science, The University of Tokyo 
 

G-protein-coupled receptors (GPCRs) are seven-transmembrane proteins mediating cellular signals in 
response to extracellular stimuli. Although three-dimensional structures showcase snapshots that can be 
sampled in the process and nuclear magnetic resonance detects conformational equilibria, the mechanism by 
which agonist-activated GPCRs interact with various effectors remains elusive. Here, we used paramagnetic 
nuclear magnetic resonance for leucine amide resonances to visualize the structure of 2-adrenoreceptor in 
the full agonist-bound state, without thermostabilizing mutations abolishing its activity. The structure 
exhibited a unique orientation of the intracellular half of the transmembrane helix 6, forming a cluster of G-
protein-interacting residues. These results provide a structural basis for the dynamic activation of GPCRs 
and shed light on GPCR-mediated signal transduction. 
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References  
[1] Shimada I, Ueda T, Kofuku Y, Eddy MT, Wüthrich K, Nat Rev Drug Discov (2019) 18:59 
[2] Imai S, Yokomizo T, Kofuku Y, Shiraishi Y, Ueda T, and Shimada I., Nat Chem Biol (2020) 16:430 

Fig. A: PRE analyses of 2AR in the full agonist-bound state. Bar and
line graphs represent the experimental and back-calculated 2 values,
respectively. B: Intracellular views of the 2AR structures. Spheres
represent the residues that interact with the G proteins. 

－ 111 －



 

 

15N 

In-cell NMR 
1 NMR 

NMR 
HeLa  

L4-2

－ 112 －



 

 

1H-15N SOFAST-HMQC 1
GB1  

In-cell NMR HeLa S3 15N-
[13C, 15N]- GB1 NEPA21

in-cell NMR 80% DMEM high glucose containing 10% FCS, 10% D2O 30%
4 mm  

TXI AVANCE II 800 MHz NMR 310 
K GB1 1H-15N SOFAST-HMQC
3D BEST-type HNCO (3 ) 3D BEST-type HN(CO)CA (8 ) 3D BEST-type HNCA 
(7.5 ) 13C (aliphatic aromatic)-edited 1H-1H NOESY  (5.5 ) 15N-edited 
1H-1H NOESY (5.5 ) 1H-1H NOESY 1H-15N SOFAST-HMQC

1H-15N SOFAST-HMQC
15N R1 15N R2 1H-15N NOE 

NMRFAM-Sparky 
CYANA 3.98.13  

HeLa S3 GB1 2 1H-15N SOFAST-HMQC
Fig. 1

98.2% 98.2%  94.6%  15N, 13C   13C’ 98.2% 1HN 64.6%
1H TALOS+

1H-1H NOESY
RMSD 0.69 GB1

PBS in vitro GB1
Fig. 2 15N R1 15N R2 1H-15N NOE

PBS 15N R1 NOE
PBS 15N R2

 

Fig. 2. Superimposed view of the 10 lowest-
energy structures of the GB1 in living HeLa S3 
cells (gray) and those in PBS buffer (black). 

Fig. 1. The 1H-15N SOFAST-HMQC spectrum of 
GB1 in living HeLa S3 cells measured in 2 min. 
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NMR Spectra Recognition with Neural Networks and Deep 
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NMR Spectra Recognition with Neural Networks and Deep Learning
Kazuo Yamauchi1, Zihao Song2, Li Gan2, Jiaxi Jiang2, Zhiyan Hu2, Yuki Ohnishi2, Yasuhiro Kumaki2, 

Tomoyasu Aizawa2

1 Instrumental Analysis Section, Okinawa Institute of Science and Technology
2 Faculty of advanced life science, Hokkaido university

The demand of simple and accurate chemical
/biological analysis using analytical instruments by 
non-experts is increasing. One of the typical 
examples is COVID-19 test by PCR by medical 
professionals.  In such analytical works, it is 
important to build a system that does not depend on 
the abilities of a person involved in all aspects of 
"sample preparation", "measurement," and "data analysis” to have reliable results (Figure 1).

NMR as an analytical technique is no exception. The "sample preparation" for NMR is an inherently 
relatively simple step, while other analytical methods often require chemical pre-treatment, modification, or 
separation. NMR sample can basically be dissolved in a solvent, or measured as it is, which is a great 
advantage of NMR.  As for "measurement", it is possible to measure many samples in a short time with the 
same condition, thanks to the continuous efforts of instrument manufacturers to develop and sale new models. 

The most classical method of NMR "data analysis” is to assign each peak, to identify the functional group, 
and finally to identify the compound from the functional groups, which are all based on the researcher's 
knowledge.  Basically, this assignment procedure is the same for very small compounds to large proteins. 
However, this method is not very independent. It is highly dependent on a person who works on the analysis, 
there will be an immense difference of "data analysis” for the NMR professional and non-professional in this 
classical "data analysis” method.  Alternatively, there are also other methods of "data analysis” besides this 
type of classical assignment method. For example, there is a method using a database, but NMR spectra 
analysis is still under development compared to other spectroscopy methods (e.g., Mass Spectrometry).  
Another method is using principal component analysis (PCA) in metabolomics NMR for the analysis of 
NMR data, but it is limited and is not yet a universal method for analyzing all NMR spectra.

In this study, we are trying a different approach to NMR "data analysis" using machine learning to 
recognize spectra. Machine learning has been widely used and utilized in many fields in recent years, include 
recognition of handwritten characters, structure prediction of synthetic compounds in chemistry, structure 

Machine Learning, solid state NMR spectra, metabolomics NMR spectra

n
f

Figure 1: Basic Components ("sample Preparation", "Measure
-ment," and "Data Analysis”) of Instrumental Analysis Work.

L5-1
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prediction from MS spectra in analytical chemistry, or metabolomics prediction in NMR.  We use the same 
approach as handwriting recognition to classify NMR spectra using neural networks of machine learning.

13C solid state NMR FID data for adamantane 
(175), glycine (151), and alanine (69) were used as 
a library for this study.  These data were measured 
under various experimental conditions (Table 1).  
All FID data were Fourier transformed on 
Topspin4.0.9 with 8k real data points (SI=8k) to 
obtain a spectrum with only approximate phase 
correction. A total of 8k intensity points were 
obtained for each spectrum, and one spectrum was 
treated as an 8k-dimensional vector. These data 
were used to construct and validate a neural network. Computation was performed using core-i5 3210M, 
16GB RAM windows 10 PRO laptop computer.  Data analysis platform/software was KNIME, with Python 
(anaconda) in the background, and the neural network library, Keras, was used. 

To build the neural networks, number of nodes in the input layer is 8K, which is equal to SI, and the 
number of nodes in the output layer is 2 which is adamantane and glycine used for “Adamantane or Glycine 
recognition” (adam-gly case). Addition to this, 3 
hidden layers with 128 nodes for each hidden 
layer are used as the first trial (Figure 2).  
Totally random library data were used to build a 
neural network with random selection of 70% 
(223) as trainer and 3% (14) as parity. The 
remaining 27% (89) were used as testing. 
“Adamantane or Glycine or Alanine recognition” 
(adam-gly-ala case) were also performed using 
the same manner.

As the summary of testing results, 85 out of 89 data gave right answer in the adam-gly case and 97 out of 
108 data were correct in the adam-gly-ala case, and the accuracy was 96% and 90%, respectively.  Cohen's 
kappa, which is used to evaluate the agreement of machine learning, was 0.908 and 0.836, respectively.  
Furthermore, the accuracy by changing the number of layers in the hidden layer, the number of nodes in the 
hidden layer, and the number (percentage) of trainer data for the optimization of this neural network.  To 
reduce the computational cost and to avoid over-learning, 3 hidden layer, 32 nodes in the hidden layer, and 
70% trainer data (that is, as many as possible) was found to be appropriate "with this adam-gly case". 

This work showed an example of using the recognition of the NMR spectrum itself as a method of data 
analysis and we found that NMR data is an "affordable" data size and easy to handle, from a machine learning 
perspective, and it can achieve over 90% recognition rate even this easy trial. This example is for very simple 
NMR spectra of pure chemicals, but this method, spectrum recognition using machine learning, will not limit 
only this case. In the presentation, we will also show an example of actual samples.

As the next step, it is necessary to optimize machine learning so that more accurate recognition of NMR 
data. In addition, the only major challenge is that it needs many NMR data even lower sensitivity than other 
analytical methods, so it may require to develop the new measurement method and the hardware for it.

Figure 2: Schematic Illustration of Neural Network Architecture.
(8k input layer nodes, 3 hidden layers with 128 nodes for each 
hidden layers, two output layers are shown as the example)

Number of NMR Data
395 sample data (adamantane;175, glycine;151, alanine;69)

NMR Experiment Condition
Instrument: 
     300MHz, 400MHz, 500MHz, 600MHz, 800MHz, 900MHz
Sample Volume (rotor diameter): 
     1mm, 1.3mm, 2.5mm, 3.2mm, 4mm, 7mm
Spinning Speed:
     0Hz to 60kHz
Method: 
     solid state 13C spectra (CPMAS, DDMAS, etc.)
Spectra Width:
     varied (roughly and typically 300ppm to -50ppm)
Number of Scans:
     varied

Table 1 : NMR Data Library for Neural Network Work
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Dynamics of adsorbed CO2 related to rotational motion of ligands in a metal–organic 
framework 

Takuya Kurihara1, Munehiro Inukai2, Motohiro Mizuno3,4 
1 Graduate School of Natural Science and Technology, Kanazawa University 
2 Graduate School of Technology, Industrial and Social Science, Tokushima University 
3 Nanomaterials Research Institute, Kanazawa University 
4 Institute for Frontier Science Initiative, Kanazawa University 
 

Metal–organic frameworks (MOFs) are promising porous materials for CO2 capture and separation. 
Investigation of the adsorption and diffusion dynamics of CO2 in MOFs is essential for understanding the 
CO2 capture mechanism and improving the separation performance. In this work, by conducting solid-state 
NMR under 0–1 MPa CO2 atmosphere, we show that CO2 adsorption and diffusion are affected by the 
variable steric hindrance of rotative ligands in the narrow pores of a MOF. 13C CSA pattern and 2H 
quadrupolar line shape analyses revealed that adsorbed CO2 hinders the ligand rotation. 13C exchange NMR 
observed very slow CO2 diffusion related to the mobility of the ligands. 

Introduction 
–  (MOF)  (PCP) CO2

MOF

MOF

cavity window 1 MOF
CID-Me ([Zn(5-methylisophthalate)(4,4’-bipyridyl)]n; Fig. 1) window

bpy CO2

NMR 13C 2H NMR CO2

CO2 [1] 

Materials and Methods 
CID-Me [2] 2H bpy  

–  
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NMR 7 T JEOL 4 mm HX MAS

MAS [3] JEOL 4 mm
MAS

CO2 0–1 MPa
13C 13C CO2 (13C 99%) 

Results and Discussion
CID-Me CO2 13C MAS Fig. 2a

0.03–1 MPa ( cavity CO2 1-2 ) 
(CSA) 
CO2 CO2

wobbling
CSA wobbling 32° 24°

cavity CO2
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0 0.03 MPa (cavity CO2 0 1 ) 106 Hz
1 MPa (cavity CO2 2 ) 102 Hz CO2

bpy
window bpy 2.5-3.4 CO2 3.3 

bpy CO2

13C NMR CID CO2 CID CO2

0.03 1 MPa 13CO2

CID-Me CO2

13CO2

13C exp
(Fig. 2b) 0.03 MPa 3.5 10 4 Hz 1 

MPa 7.0 10 5 Hz
10 14 m2/s

MOF CO2 10 8–10 10 m2/s
bpy CO2

bpy
1 MPa bpy CO2

MOF MOF

[1] T. Kurihara et al., J. Phys. Chem. Lett. 2022, 13, 7023.
[2] M. Inukai et al., Angew. Chem. Int. Ed. 2018, 57. 8687.
[3] M. Inukai et al., Phys. Chem. Chem. Phys. 2020, 22, 14465.
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Solid-state NMR studies on fluoride-ion conduction pathways in paramagnetic CeF3 
Miwa Murakami1, Atsushi Mineshige2 

1 Office of Society-Academia Collaboration for Innovation, Kyoto University   
2 Graduate School of Engineering, University of Hyogo  
 

To unravel the ion conducting pathways among the three crystallographically inequivalent sites (F1, F2, 
and F3) in CeF3, high-resolution MAS NMR spectra of 19F in CeF3 at -

19F and paramagnetic electron spins at Ce3+. Clearly 

enough to affect the 19

that addition of only 0.1 % Sr2+ in CeF3 (Ce1-xSrxF3-x (x -
While the F2 and the F3 manifolds - , the F1 manifold is affected 

and most of the F3 manifolds are merged into the F1 signal . 
3 is thus consistent with that postulated for LaF3, that is, F1-

-F3, and F1-  
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Fig. 1. 19F MAS NMR spectra of CeF3 and 
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Quantitative amorphous structure analysis of organic light-emitting materials by solid-
state NMR 

Hironori Kaji, Katsuaki Suzuki 
Institute for Chemical Research, Kyoto University 
 

In recent years, thermally activated delayed fluorescence (TADF) materials have attracted significant 
attention as a new type of emitter in organic light-emitting diodes (OLEDs). This is because TADF can 
convert originally dark triplet excitons into light through reverse intersystem crossing (RISC). TADF 
molecules have donor-acceptor (D-A) structures to allow the RISC process, and the torsion angle between 
the D and A segments is extremely important for the TADF performance. However, the torsion angle between 
the D and A units has not been analyzed in detail because organic materials in OLEDs are in an amorphous 
state. Here, we analyzed the torsion angle of DACT-II, a representative of excellent TADF molecules, in the 
amorphous state by solid-state heteronuclear multiple-quantum correlation (HMQC) NMR experiment. The 
experimentally-obtained HMQC spectrum was well reproduced by a simulated one with widely distributed 
torsion angles. 
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Fig. 3. Experimental and best fit simulated MQC spectra of 13C/2H-DACT-II. 

 
Fig. 2. Simulated HMQC spectra of 13C/2H-DACT-II. 
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An adaptive method for high-precision NMR by autonomously selecting experimental 
parameters during the measurement 

Takuma Kasai1, Takanori Kigawa1 
1 RIKEN Center for Biosystems Dynamics Research 
 

NMR analyses of challenging samples are often obstructed by insufficient sensitivity. Optimization of the 
experimental parameters may improve precision of the analyses; however, the optimization itself may be 
difficult in such cases. Here we propose an adaptive method to optimize the experimental parameters during 
the measurement, applied for chemical exchange saturation transfer (CEST) as an example. In conventional 
CEST experiments under high-sensitivity situations, it is usual to utilize equally spaced irradiation offsets, 
most of which are redundant for the estimation of the exchange parameters. On the contrary, in the proposed 
method, the machine resource is devoted to experimental conditions with higher information content. To 
achieve this, we developed an iterative procedure with Bayesian inference. Within each iteration, we firstly 
estimate prior probability of the parameters using the data observed so far. Secondly, expected information 
gain is calculated for each experimental condition candidate. Finally, the best condition is selected for the 
next measurement. Since it can also be applied to various types of experiments, we believe this strategy 
should expand targets and application areas of NMR. 
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Fig. 1. Conventional and adaptive 
CEST experiments.  

 
Fig. 2. An example of simulated adaptive CEST. 
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Study of analysis techniques using benchtop NMR for biological samples 

Tomoyasu Aizawa1, Zihao Song1, Li Gan1, Jiaxi Jiang1, Zhiyan Hu1, Yuki Ohnishi1, Seiji Osada2, 
Hiroyuki Kumeta1, Yasuhiro Kumaki1, Kazuo Yamauchi3 
1 Faculty of advanced life science, Hokkaido university 
2 Nakayama Co.,Ltd. 
3 Instrumental analysis section, Okinawa institute of science and technology 
 
 

Superconducting high-field nuclear magnetic resonance (NMR) is one of the leading methods in 
metabolomics. It is increasingly attracting attention because of its ability to obtain highly reproducible data 
with simple sample preparation. However, compared to its use in the research field, its use in clinical testing 
and the food industry has remained limited. This is partly due to the high cost of high-field NMR systems 
and the high hurdles in accessing the systems themselves. In this presentation, we report the results of analysis 
of oligosaccharides in human breast milk and metabolites in stools of DSS enteritis model mice as a basic 
study of NMR metabolome analysis using a bench-top NMR system, which is becoming increasingly 
sophisticated. 
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Interaction between fluoroquinolone derivatives and RNA: effect of base pairs 
adjacent to the bulge out residues 

Rika Ichijo1, Takashi Kamimura2, Gota Kawai1 
1Chiba Institute of Technology, 2Veritas In Silico Inc. 

 
Interaction analysis between small molecules and RNA are important for the RNA-targeted 

drug discovery. We have demonstrated, by NMR, that a fluoroquinolone derivative, KG022, 
interacts with the RNAs in the vicinity of the bulge residue, with preferring C and G as the 
bulge residues1). In order to further characterize the interaction between KG022 and RNA, 
base pairs adjacent to the bulge-out residue were mutated. In the present study, RNAs with 
variations in the 3  side of the bulge-out G residue were analyzed to find that AU and GC base 
pairs are preferred to UA and CG base pairs. 
 

 
RNA

KG022 Fig. 1A
KG022 RNA

NMR

KG022 C
G RNA

1) Fig. 1B RNA 5
UUCG

RNA Fig. 1C RNA-C-3AU-uucg RNA-G-3AU-uucg
KG022

RNA C  G
NMR  

3 G RNA G
RNA NMR RNA KG022  

RNA  
 

 

A B

Fig. 1. KG022 and Design of model RNAs
A: a fluoroquinolone derivative, KG022, B: RNA-G, C: 
RNA-G-3AU-uucg. The base-pair at the 3  side of the 
bulge-out residue was mutated. 
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RNA 5% 99.98 

atom 50 mM 20 mM pH 6.5
AvanceNeo600 Bruker 288 K   

 
 

RNA KG022
3 AU RNA-G-3AU-uucg GC

RNA-G-3GC-uucg RNA-G-3CG-
uucg RNA-G-3UA-uucg

Fig. 2  
HOHAHA RNA

Fig. 3 RNA-G-3CG-uucg KG022
RNA-G-3UA-uucg  

 
 

HOHAHA KG022

3   
RNA-G-3AU-uucg RNA-G-3GC-uucg
RNA-G G RNA

KG022 C  
 

 
1. Nagano, K., Kamimura, T. and Kawai, G., J. Biochem. 171, 239-244 (2022). 

Fig. 3. HOHAHA spectra of the model RNAs  

RNA-G-3AU-uucg RNA-G-3UA-uucgRNA-G-3GC-uucg RNA-G-3CG-uucg

Fig. 2. Imino proton spectra of the model RNAs

RNA-G-3AU-uucg RNA-G-3GC-uucg RNA-G-3CG-uucgRNA-G-3UA-uucg
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Pure shift NMR of absorption-mode lineshapes has become one of the standard 
techniques for suppressing multiplets.  Although a number of techniques have been 
proposed, the Zangger and Sterk (ZS) and PSYCHE methods seem to be the best choice 
for now.  However, these techniques are not applicable to the aqueous solutions where 
a strong solvent signal co-exists with weak signals of interest.  We found additional 
signal refocusing is quite effective for suppressing the solvent signal in addition to the 
pre-saturation  
 

1H-NMR Shift J-
J-resolve 2 NMR J-resolve 2

1997 Zagger Sterk

Manchester PSYCHE
 

 
FID  

 
 

1 FID  
 
 
 
 
 
 

 
Pure shift NMR,  
 

 

 
Fig.1  Typical FID of an aqueous sample recon- 
structed by PSYCHE method.  Left and right 
show X and Y channel signals, respectively. 
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Presaturation
Delay

FID

PSYCHE refocus
chirp

( 2)
H2O
50uW presatu-

ration
3 1.3mg/0.5mL 

L-

Modified PSYCHE

1uW pre-saturation

refocus

FID
S/N

refocus chirp

180 180

Fig.2.   Modified PSYCHE pulse sequence 
for H2O solutions.  Refocus and Chirp 
pulse are added.  It is preferable to add 
another pre-saturaton pulse for further 
suppression of H2O signal.

Fig.3.  Spectra of L-Phe(1.3mg/0.5mL) are
shown in D2O and H2O.  The result shows
a substantial decrease in sensitivity com-
pairing to the normal spectrum, and H2O.
solution loses another factor of 2 than D2O
solution.
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Nondestructive in-site moisture quantification of building materials by 
single-sided NMR 

Yoshito Nakashima1 
1National Institute of Advanced Industrial Science and Technology 

A portable single-sided NMR surface scanner was applied to the nondestructive 
quantification of the moisture in slaked lime plaster samples. The lightweight sensor unit ( 4 
kg) developed is potentially capable of probing a portion 1 cm beneath the plaster wall of the 
architectural heritage. Measurements of a drying plaster plate sample were successfully 
performed in a laboratory to monitor the CPMG signal decrease with decreasing sample weight. 
Thus, the single-sided NMR system is a promising in-situ nondestructive tool for the 
maintenance and remediation of the cultural heritage made of plaster. 
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X Xist-SHARP

1
2
3

Interaction analysis of the Xist-SHARP complex involved in X chromosome inactivation
Takuya Hasegawa1, Kota Yanagisawa1, Takumi Suzuki2, Hiroki Nakajima2, Takayuki Nagae3, Hiroshi 

Aoyama3, Masaki Mishima2,3, Taiichi Sakamoto1

1 Faculty of Advanced Engineering, Chiba institute of technology
2 Graduate School, School of science, Tokyo Metropolitan University
3 School of Pharmacy, Tokyo University of Pharmacy and Life Science

X-Chromosome Inactivation (XCI) in human is known to compensate for the difference in gene 
expression between female and male and requires a long non-coding RNA called X inactivation specific 
transcript (Xist) RNA. Xist RNA has six repeat regions (A~F) in its 17 kb sequence and A repeat region is 
thought to be recognized SMRT/HDAC-associated repressor-protein (SHARP). Previously, some NMR 
analyses of SHARP or the A repeat of Xist RNA have been performed, but the detail of the interaction 
between Xist RNA and SHARP are unknown. In this study, we are trying to reveal the interaction using 
NMR.

XY XX

X 1000 Y
50

XX X
X

long non-coding RNA X 
inactive specific transcript RNA (Xist) RNA

Xist RNA 17kb 6 repeat (A~F) A repeat
SMRT/HDAC-associated repressor-protein (SHARP)

(Fig. 1) SHARP N RNA C Spen paralog and 
ortholog C-terminal (SPOC) SPOC

1) Duszczyk Xist RNA A repeat NMR
A repeat 2) Xist RNA SHARP

NMR
Xist-SHARP
Xist RNA SHARP NMR

, , ,
, , ,

Fig. 1 A-repeat region of Xist RNA
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A repeat Xist_29 NMR (Fig.2) Xist_29
2 stem loop 5 Xist_loop1 3 Xist_loop2

Xist_29 T7 RNA polymerase
Xist_29 13C 15N

A8, G11, A21 A23 Xist_29
Xist_loop1 Xist_loop2

(Sartorius ) 20 mM 
(pH6.5) AVANCE600 NMR (Bruker Biospin )

Xist_29 Xist_loop1 Xist_loop2
NMR NOESY

Xist_29 G19 U26
NOE , C5:G12 C6:G13

C7:G14 C18:G27 G20:C25
Xist_loop1

C5:G12 C6:G13 C7:G14
Xist_loop2 C18:G27

G19:U26 G20:C25

NMR Xist_29 NOESY
H8, H6, H5 H1

A8, G11, A21 A23
H8, 

H6, H5 H1

Xist_29
Xist_loop1 Xist_loop2 NOESY

Xist_loop1 G12
H8, H6, H5 H1

A8 H2 G12 H1 NOE
Xist_loop1 A8 G12

Xist_loop2 Xist SHARP

1) Mikami S., et al., Structure 22: 35–46 (2014).
2) Duszczyk M.M., et al., RNA 17: 1973–1982 (2011).

Xist_29

Fig. 2 Secondary structures
of Xist_29, Xist_loop1, and 
Xist_loop2

Xist_loop1 Xist_loop2
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Development of evaluation method on ringing 

Kouki Yamamoto1, Techit Tritrakarn1, Masato Takahashi2, Tetsuji Okamura1 
1 Department of Mechanical Engineering, Tokyo Institute of Technology 
2Laboratory for NMR Engineering and Structural Science, RIKEN Center for Biosystems Dynamics Research 
 

“Ringing” is still one of the large problems in FT-NMR to observe quadrupolar or low  nuclei in solid-
state NMR. Not only such measurements but also large RF coils in MRI or RF coils with high quality factors, 
such as High-Temperature Superconducting (HTS) RF coils, suffer from ringing. Some devices such as a Q 
switch or some special pulse sequences have been developed to shorten “dead time”. However, this problem 
still has been unsolved. We have developed the evaluation methodology to analyze the origin of ringing using 
our home-build spectrometer. This method can observe the ringing that looks like an NMR signal and which 
part makes ringing in the circuit to improve NMR probes and spectrometers. 

 
NMR/MRI 1 RF

(FID) NMR
( )

NMR
MRI RF RF Q

 
Q

Q Q

FID
Gerothanassis1

 
NMR

USRP-2920 Software-Defined Radio(SDR)

LabVIEW NI-USRP
 

, RF  
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LNA
ZKL-1R5

NMR

NMR

 

50 Fig. 
1 DUT(Device Under Test) RF

-0.3 dB DUT DUT
(Knowles Syfer MLCC )

(Cornell Dubilier CM ) 2  
Fig. 2 RF

57.91 MHz, 100 W, 100 s 4096
15 s

RF
NMR/MRI RF

 
 
References  
(1) I. P. Gerothanassis, Methods Of Avoiding The Effects Of Acoustic Ringing In Pulsed Fourier Transform 
Nuclear Magnetic Resonance Spectroscopy, Progress in nuclear magnetic resonance spectroscopy. Vol. 19, 
(1987) 267-329 
 

 
Fig. 1. Schematic of the evaluation circuit. 
The ringing intensity generated by DUT(Device Under Test) 
was investigated using our home-built spectrometer. 

 

Fig. 2. FT spectra of ringing with DUT. 
The applied RF pulse was 58 MHz, 100 W, 100 s. 4096 
transients were recorded and left shift before FT was 15 s. 
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Double nutation cross polarization 
 

1  
Yu Wang1, Kazuyuki Takeda1 

1 Division of Chemistry, Graduate School of Science, Kyoto University  
 

We propose a method for cross polarization (CP) dedicated for low-  spins, in which double nutation 
(DONUT) applied at the source, high-  spins leads to the Hartmann-Hahn condition well suited for the 
limited nutation rate of the target spins, while the spin-locking field is retained high enough.  
 
Introduction 

Cross polarization (CP) is widely used to transfer polarization from one spin species, , to another, , and 
thereby to enhance the magnetization of the latter. In CP, resonant rf fields are applied to both  and  with 
such intensities   and   that satisfy the Hartmann-Hahn condition[1] given by 

 , where   and   are the gyromagnetic ratios and   is the spinning speed. The 
condition indicates that the smaller  is, the higher  needs to be. However, application of high rf power 
is often undesirable. Then, one needs to reduce  , paying the price of inefficient spin-locking in the 
presence of strong homonuclear dipolar interactions among spins . A challenge in polarization transfer from 
the abundent spins to low-  spins arises from these incompatible requirements. 

CP using time-averaged precession frequency (CP-TAPF)[2] is one elegant solution realizing reduced 
nutation speed while keeping the spin-locking field high enough. However, CP-TAPF involves repetitions of 
abrupt inversion of the phase of the rf irradiation, which may cause significant dephasing of the magnetization. 
In this work, we propose an alternative CP method dedicated for the low-  spins, employing the smooth rf 
modulation that allows both slow nutation of spins  and high-enough spin-locking field realized through 
double nutation (DONUT)[3], i.e., simultaneous nutations around two separate axes. 
Principles 

DONUT around, say, the  and the  axes, with nutation 
rates  and  is described by a propagator 

. In the interaction representation, 
the  term of the dipolar interaction acquires time dependence 
with the mixed frequencies  and , 
and is represented as 

. Under continuous rf 
irradiation at spins  with a nutation frequency , we obtain 
the Hartmann-Hahn condition to be 

 
 

We found that the case of Eq. (2), , which is compatible with the requirement of the slow nutation rate 
for spins , causes double-quantum exchange between  and  if . When the  axis is chosen  

Cross polarization (CP), Double nutation (DONUT), low-gamma nuclei 
 

 

 
Fig. 1. A pulse sequence for DONUT CP 

 

(1) 
(2) 
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for the second-nutation axis, the  magnetization is 
locked. Thus, unlike the conventional CP, the initial 

  pulse is not required. The rf Hamiltonian  
that leads to   is straightforwardly calculated as 

 , 
whence smooth modulations of the amplitude and 

phase are obtained to be  and 
 . The 

pulse sequence for DONUT CP is depicted in Fig. 1. 
Results and discussion 

Fig. 2 shows   dependence of the 13C 
magnetization of adamantane under 1H-13C DONUT 
CP. As expected, we observed the enhancement under 
the conditions given in Eqs. (1) and (2). The negative 
enhancement with  for  
confirms the double-quantum nature of polarization 
transfer, as we predicted theoretically. 

With applications to low-   nuclei in mind, we 
examined the performance of 1H-15N DONUT CP in 
15N-labeled histidine for relatively low nutation rates 

20 kHz. As demonstrated in Fig. 3, the 15N 
magnetization was enhanced with the condition 

 by a factor of 8.8, close to the maximum possible 
value given by ~10, whereas CP-TAPF 
resulted in the deviation of the optimal 15N nutation rate 
and the smaller enhancement factor. 
Summary 

DONUT CP offers efficient polarization transfer 
from the abundant to the low-  nuclei. 
 
 
 
 
 
 
 
 
References 
[1] S. R. Hartmann, E. L. Hahn, Phys. Rev. 128 (1962) 2042-2053. 
[2] K. Takegoshi, C. A. McDowell, J. Magn. Reson. 67 (1986) 356-361. 
[3] K. Takeda, A. Wakisaka, K. Takegoshi, J. Chem. Phys. 141 (2014) 224202. 
 

 
Fig. 2. 1H-13C Hartmann-Hahn matching profiles 
obtained with DONUT CP with rates ( ) 
of (20 kHz, 50 kHz) (circles) and (50 kHz, 20 kHz) 
(squares) in 7 T under MAS at 9 kHz. 

 
Fig. 3. 1H-15N Hartmann-Hahn matching profiles 
obtained by DONUT CP (squares) with 
(  ) of (68 kHz, 30 kHz) and CP-TAPF 
(triangles) with an average 1H nutation frequency of 38 
kHz in polycrystalline 15N-labeled histidine in 9.4 T 
under MAS at 23 kHz. 
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Presaturation pulse 1H-qNMR  
 

1  
 
Study on an accurate 1H-qNMR with a presaturation pulse 

Naoki Saito1 
1Center for Environmental Standards and Measurement, Health and Environmental Risk Division, National 
Institute for Environmental Studies 
 

Presaturation (pre-SAT) remains widely in use since it is one of the simplest techniques having high 
robustness in solvent suppressions. In the present work, accuracy of 1H-qNMR with pre-SAT was evaluated 
and improved. Conventional pre-SAT decreased especially signal areas of analytes near an irradiated water 
signal, allowing not to accurately determining concentration values of the analytes. The improved method is 
a fresh dual pre-SAT for analyzing H2O-rich samples using 1H-qNMR. The feature of the method is 
performing another dummy irradiation with a suitable frequency in addition to the irradiation to the water 
signal. The fresh dual pre-SAT was finally demonstrated using a 10 vol% D2O/H2O solution. 

1.  1H NMR 1H-qNMR
NMR

Presaturation pulse
pre-SAT pre-SAT 1D-NOESY WET

[1-3]
pre-SAT  

 
2.  L- L- L-

DSS-d6 D2O
H2O

5 mm FG/TH 500 MHz NMR ECA500
Mnova ver.7.0.2 ver.14.1.2 MestreLab  

D2O DSS-d6

1H pre-SAT
pre-SAT

10 vol% 
D2O/H2O DSS-d6

 [ 25 C 90 4 500 ppm
8 32 60 ]  

 
3.  1H pre-SAT

1H Fig. 1a  
presaturation, qNMR,  
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pre-SAT 48 % Fig. 1c
pre-SAT

1H pre-SAT
pre-SAT Fig. 1b; 1H

pre-SAT

1H pre-SAT 48 %
3 % Fig. 1d

Gly MA 10 vol% D2O/H2O
pre-SAT Gly 368.2 10.5 mg/kg MA 456.4 16.0 mg/kg

Gly 513.8 21.4 mg/kg MA 512.4 25.9 mg/kg;
2 Gly 503.1 mg/kg MA 506.9 mg/kg

  JSPS JP22K14710
NMR

References  [1] Mo and Raftery, J. Magn. Reson., 190(1), 1-6 (2008).  [2] , 
, (61), 31-44 (2021).  [3] Akira et al., Chem. Pharm. Bull., 69(8), 721-726 (2021).

Fig. 1. Changes in measured concentration values by 1H-qNMR with pre-SAT or dual pre-SAT.
1H NMR spectra of D2O solutions obtained using (a) pre-SAT or (b) dual pre-SAT are shown. The maximum 
range of RF irradiation attenuations for (c) pre-SAT or (d) dual pre-SAT was 112 dB to 40 dB. Error bars show 
the doubled standard deviation obtained by three repeated measurements at the same attenuation.
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Improvement of dynamic nuclear polarization efficiency using modulated microwave 
Zhongliang Zhang1, Yoh Matsuki1,2, Toshimichi Fujiwara1,2 

1 Institute for Protein Research, Osaka University 
2 Center for Quantum Information and Quantum Biology, Osaka University 
 

In magic-angle spinning dynamic nuclear polarization NMR (DNP-MAS-NMR), depending on the 
microwave irradiation frequency, NMR signal is enhanced positively or negatively. Rapidly frequency 
modulated microwave allows us to irradiate multiple frequencies. We developed methods to apply 
frequency modulated microwave to obtain higher DNP-NMR signal enhancement and better spatial 
selectivity, both being of crucial importance for intra-cellular applications. Our spin dynamics simulation 
showed irradiation on two of the positive DNP enhancement peaks of Mn(II)-DOTA by turns produced a 
higher NMR enhancement. And we developed a pulse sequence utilizing both the positive and negative 
DNP enhancement peaks with frequency modulated microwave to suppress background NMR signals. 
Simulation on spin diffusion and experiments showed the mechanism and effectiveness of our method. 
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(Fig. 1)

(Fig. 2)

Fig. 1. Pulse sequence for background 
signal suppression

Fig. 2. 13C NMR spectra of nanodiamond-
embedded glycerol matrix to demonstrate 
the background suppression
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SWIFT 3 MRI
 

1   
 
 
3D field-swept SWIFT MRI 

Haruka Sawada1, Kazuyuki Takeda1 
1Division of Chemistry, Graduate School of Science, Kyoto University  
 

A variant of SWIFT (SWeep Imaging with Fourier Transformation) MRI employing magnetic-field 
sweep instead of the conventional frequency sweep requires the actual profile of the swept magnetic field 
for accurate data reconstruction and thereby artifact-free imaging. 
 
 

SWIFT (SWeep Imaging with Fourier 
Transform)1,2 MRI

SWIFT
rapid scan NMR

rapid scan
SWIFT

rf Electro-Mechano-
Optical (EMO) NMR

MRI
3  

SWIFT
MRI 2

3

SWIFT 3 MRI

 
20 mm

300 MHz
(Fig. 1) 7 T

MRI
Opencore NMR4 Fig. 2

SWIFT 8.9 mm
CuSO4

 
MRI SWIFT  
 

 

 
Fig. 2. A pulse sequence for field-swept SWIFT. 

1H

Field

Gradient

Sampling

 
Fig. 1. A snapshot of home-made field-gradient 
(left) and field-sweep (right) coils. 
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deconvolution 3

Opencore NMR Process5

 

Fig. 3(a)
1H

FID(Fig. 3(b))
(Fig. 3(c))

rapid scan deconvolution
gridding6,7 3

Fig. 4
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Fig. 4. (a) An 8.9 mm spherical phantom filled with 0.2 M aqueous solution of CuSO4 (b-e) MR 
images obtained with field-swept SWIFT. 

(a) (c)(b) (d) (e)

 
Fig. 3. (a) A pulse sequence used to monitor the 
profile of the swept field. (b) The in-phase (black) 
and the quadrature (gray) components of a 1H FID 
in water with the field sweep applied during 
acquisition. (c) The actual (solid line) and the 
programmed (broken line) profiles of the swept field. 
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Tube lot-control improves the accuracy of coaxial tube qNMR 

Tatsuki Ogura1,2, Masataka Wakayama1 
1 Institute for Advanced Biosciences, Keio University  
2 Shonai Regional Industry Promotion Center 
 

Coaxial tube NMR enables to analyze without mixing two solutions and to reuse of the solution for other 
experiments. Since the effective volume ratio measurement is essential for coaxial tube qNMR, the tube lot-
control must be improving the accuracy and repeatability. Here, we evaluated the effective volume ratio of 
each tube lot in various diameters of inner tubes using different solutions. As result, using 2.5 mm inner 
tubes recorded high repeatability of analyses. The tube lot-control is also necessary for enhancing the 
quantification. 

NMR
qNMR

1H

MS
IR

qNMR 2
NMR 2 NMR

 
NMR

qNMR

qNMR Fig. 1 ISMAR-APNMR2021
3 NMR

qNMR  
NMR  

 
 

Figure 1. The scheme of coaxial tube qNMR using individual lot-controlled 
coaxial tube sets. 

= × × ×Formula 2 (Quantitation of analyte) Effective
volume= × ×Formula 1 (Peak area ratio)

M: Concentration, I: Peak area, 
H: Number of 1H , V: volume, 
R: Quantified reference, A: Analyte

Lot A Lot B Lot C

qNMR
Comparison of

Effective volume ratio
Evaluation of

affected to Quantitation

Effective 
volume

Detector
coil

Analyte
(MA, Sar)

Quantified 
reference

(DSS)

Shigemi coaxial tube
(SP401-405)

P12

－ 154 －



qNMR DSS-d6 Maleic acid MA Sarcosine Sar
D2O

10mM DSS 50mM MA, Sar MA
Sar 500mg/L DSS (2.233mM) qNMR
10mM DSS 50mM MA qNMR

: 1.7 3mm 3
10mM DSS

50mM MA Sar qNMR  
qNMR Jeol 600MHz NMR 13C  1H-NMR

25 60 32 Delta
ver.5. 3. 1, Jeol

 
 

CV
3mm 0.7%
CV Table 1

qNMR
 

MA Sar

Table 2 2.5mm
2.2%

2.5%
Table 2. 2.5mm

CV qNMR
2.5mm  

 
 
 

 
 
 
 
 
 

Figure 2. 1H-qNMR spectrum of DSS/MA 
and DSS/Sar using 2.5 mm coaxial tube. 

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
H (ppm)

CH3

N
HO

O H

CH3(Sar)

CH2(Sar)

OH

DSS-d6

CH(MA)

O

OHO

OH

Sarcosine (Sar)

Maleic acid (MA)

10 mM DSS/ 50 mM Sar

10 mM DSS/ 50 mM MA

Table 1. Effective volume ratio of coaxial tubes (Inner tube: DSS, Outer tube: MA). 

Table 2. Deviation of effective volume ratios calculated 
from Sar and those from MA analyses. 

*Effective volume ratio 

(VR/VA) was calculated 

using changed formula 2 

in Fig 1. 

Mean ± SD CV (%) Mean ± SD CV (%) Mean ± SD CV (%) Mean ± SD CV (%)
1.7 0.098 ± 0.001 0.917 0.102 ± 0.001 0.544 0.096 ± 0.001 0.985 0.099 ± 0.003 2.744
2 0.165 ± 0.000 0.298 0.160 ± 0.001 0.654 0.159 ± 0.000 0.233 0.161 ± 0.003 1.711

2.5 0.304 ± 0.001 0.236 0.306 ± 0.001 0.425 0.315 ± 0.001 0.229 0.308 ± 0.005 1.553
3 0.710 ± 0.001 0.167 0.701 ± 0.002 0.241 0.699 ± 0.003 0.432 0.703 ± 0.005 0.745

Tube lot
1 2 3 AllInner tube

o.d. (mm)

*The deviation was calculated from following formula. 

Deviation (%) = 100 Average of SarAverage of Mar 

Lot 1 Lot 2 Lot 3
Sar (CH3) /MA (CH) 1.46 -6.09 2.19
Sar (CH2) /MA (CH) 1.84 -5.73 2.57
Sar (CH3) /MA (CH) -2.39 1.76 2.69
Sar (CH2) /MA (CH) -1.98 2.09 3.02
Sar (CH3) /MA (CH) 1.91 0.93 0.79
Sar (CH2) /MA (CH) 2.20 1.32 1.08
Sar (CH3) /MA (CH) 1.23 3.26 2.69
Sar (CH2) /MA (CH) 1.61 3.63 2.82

Deviation of VR /VA  of Sar/MA (%)

1.7

2

2.5

3

Inner tube
o.d. (mm)

Combination of
molecular structure
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B1 1H MRS
1 1 1

1

Development of quantitative measurement methods of metabolites on 1H MRS in human 
brain under inhomogeneous B1 at high field
Hidehiro Watanabe1, Nobuhiro Takaya1, Naoki Saito1

1Health and Environmental Risk Division, National Institute for Environmental Studies

The method for measurement of metabolite concentrations in 1H MRS in a human brain at high B0 field was 
proposed. A water phantom as a reference and a human brain area measured separately. The ratio of the 
reception sensitivities between uniform areas in the phantom and in the human brain can be computed from 
measured B1+s. The ratio between the VOI and the uniform area in the human brain can be computed by our 
previously reported ratio map method. Then, metabolite concentrations in the VOI can be calculated. Our 
method was demonstrated in the phantom experiments using metabolite mixtures.

1H 1H MRS MRI

NMR
MRI RF B1

B1

B1

B1

B1

MRI
NMR B1

B1 B1+, B1-

1 4.7T MRI
B1 B1

Fig. 1 B1 B1

B1 NMR Fig.1

MRI

VOI

1H

Fig. 1 Transmission field (left) and 
reception field (right) of a sphere 
phantom filled with saline measured at 
4.7T.
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VOI VOI

VOI
B1

55.55 M B1+

B1+ B1-

B1+ B1- Fig. 2 VOI
2

VOI

VOI
55.55 M

4.7T MRI Agilent
RF TEM 10 mM NAA Cr

B1+ B1-

SE 8ml VOI STEAM
VOI

B1+ 0.218 KHz 0.213 KHz
B1- VOI 0.649

79.4 VOI
55.55 M 0.213/0.218*0.649 = 50.3

STEAM NAA Cr
10.7 mM 11.1 mM

1H MRS
1H MRS

References
(1) Hoult DI., The principle of reciprocity in signal strength calculations – a mathematical guide. Concepts 

Magn. Reson. 2000;12:173-187.
(2) Watanabe H., Takaya N., Mitsumori F. Non-uniformity correction of human brain at high field by RF 
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Fig. 2 Proposed quantitation method of metabolites 
in human brain 1H MRS.
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DNA recognition mechanism of naphthyridine dimer, a CGG repeat-binding drug, 
analyzed by NMR

Shuhei Sakurabayashi1, 2, Kyoko Furuita1, Takeshi Yamada2, Toshimichi Fujiwara1, Kazuhiko Nakatani1, 
Chojiro Kojima1, 3

1 Institute for Protein Research, Osaka University, 2 SANKEN, Osaka University,
3 Graduate School of Engineering Science, Yokohama National University

More than 40 neurodegenerative disorders are caused by expansions of simple sequence repeats in the 
human genome. Fragile X syndrome is a repeat expansion disease caused by the aberrant CGG repeat 
expansions in an FMR1 gene. Naphthyridine dimer is a synthetic small molecule binding to d(CGG/CGG) 
triad found in the hairpin structure in CGG repeats. In this study, the binding of ND to a double-stranded 
DNA (dsDNA) containing a d(CGG) triad (GG1) was investigated by NMR spectroscopy. NMR titration 
experiments indicated that there are two different binding modes for the GG1-ND complex; the most stable 
structure (GG1:ND = 1:2 complex) and the transient structure (GG1:ND = 1:1 complex). Based on the 
structure and thermal stability of each complex, the DNA recognition mechanism of ND was discussed.

Keyword: DNA, 

CXG

40

1 X FMR1
CGG

DNA

DNA

1

ND, Fig.1A CGG d(CGG/CGG)
2

DNA

Fig.1 (A) Chemical structure of naphthyridine dimer (ND). (B) 
DNA sequence of GG1. The d(CGG/CGG) motif is highlighted in 
boldface. (C) ITC profiles of GG1 and ND.

P14Y

－ 158 －
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DNA GG1, Fig1B ND NMR ND
d(CGG/CGG) 2 GG1:ND = 1:2 1:2

dsDNA:ND = 1:1 1:1
ND DNA
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excitation sculpting 3-9-19 0.1 mM GG1 ND 1

1D 1H 10-15 ppm 1:2
2 ND 2 mM GG1 1H-1H NOESY

30 200 msec , TOCSY DQF-COSY 1H-31P HSQC 1H-15N HSQC 15N ND
natural abundance 1H-13C HSQC NMRFAM-Sparky

NOESY 200 msec MARDIGRAS
RDC Pf1 phage 13C-1H

CNS version 1.3 RDC
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1:1 1 ND 2.7 mM GG1
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10~14 ppm 1D 1H 

Fig. 2
ND GG1 2

1:2

ND 1
1:2

1:1 = GG1:ND
ND 10~12.5ppm NP

DNA 1:1 1:2 NMR
slow exchange

Fig.2 1D 1H spectra of GG1 in the presence of ND with various 
GG1-ND ratios at 283 K. The molar ratio of GG1 and ND was 
shown in the left (GG1:ND). NPn (n=1~4) indicate the amide 
protons of ND.
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ND 1
DNA 1:1 1:2

3

30 40 DNA
1:1
1:2 40 

DNA 1:1 <
1:2

1:2
GG1 ND 2 2D NMR 15N

ND 1H-15N HSQC Fig. 4
DNA 1:1

NMR 40 
table1 Fig.5

1:2 1 d(CGG/CGG) ND

1:1
ND 1 DNA

1:1 1:2 3
NMR 1:2

5 16
1:1

1H-31P HSQC
31P

Fig.3 1D 1H spectra of GG1 (100 M) with one 
equivalent of ND measured at various temperatures.

10 

20 

30 

40 

(ppm)111213 1014

G18G7
G17/6

T14 T15
T20

T19
NP4

NP1 NP2
NP3

Free GG1

Fig.4 15N-1H HSQC spectra of the 1:2 complex 
comprised of GG1 and 15N-labeled ND.

T19T20 T14
T15 G18 G7

G17/6
T2/10 NP4 NP1 NP2 NP3

15
N

 (p
pm

)

1H (ppm)

Table 1. Structural statistics 
of the 1:2 GG1-ND complex.

Total distance constraints 364
Intra residue 90
Inter residue 102
Intermolecular (ND-DNA) 42
H-bond 68
Planarity 12
Dihedral constraints 184
RDC 17
RMSDs to mean structure of
the 30 calculated structures
All atom (Å) 1.38 ± 0.32
Back bone (Å) 0.97 ± 0.16

Fig.5 The NMR 
structure of the 1:2 
GG1-ND complex.

C5

G6

G7 C16

G18
G17

C5
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G7 C16CCCCCCCC

G18
G17

5.0 4.5 4.0

-1.0

0

1.0

1H (ppm)

31
P 

(p
pm

)

Fig.6 1H-31P HSQC 
spectra of free DNA, 
1:1 complex, and 1:2 
complex in mixtures.
Peaks derived from 
the 1:1 complex are 
indicated by dotted 
circles.
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1:1 Fig.6 NOESY
DNA 1:1

DNA 1:1 < 1:2
d(CGG/CGG) DNA 2 C-G 1 G-G

1:1 2 C-G 2 G-NP
1:2 4 G-NP G-G

NP
2 6 2

1:1 1:2
1:1 ND

1:2
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1H-31P HSQC 1:1 31P

ND DNA
DNA

Fig.7 NOESY
DNA 1:1

DNA 1: 1
1:1

-
1:1 G-NP
C-G

C-G 2
ND 1:2

d(CGG/CGG) ND DNA NMR 1:2
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(1) Nakamori, M., et al. (2020) A slipped-CAG DNA-binding small molecule induces trinucleotide-repeat 
contractions in vivo. Nat. Genet. 52, 146–159.
(2) Nakatani, K., et al. (2001) Recognition of guanine-guanine mismatches by the dimeric form of 2-amino-
1,8-naphthyridine. J. Am. Chem. Soc. 123, 12650–12657.

Fig.7 The schematic illustration of binding 
mode and binding process of the 1:1 and 1:2 
GG1-ND complex.  
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Deuteration and selective labeling of alanine methyl groups of 2-adrenergic receptor 
expressed in a baculovirus-insect cell expression system 

Yutaka Kofuku1, Tomoki Yokomizo1 Shunsuke Imai1 Yutaro Shiraishi1 Shunsuke Igarashi2, Hideyuki 
Yamaguchi2, Toshimi Mizukoshi2, Ei-ichiro Suzuki2,3Takumi Ueda1 Ichio Shimada1 
1 Graduate School of Pharmaceutica Sciences The University of Tokyo 
2 Institute for Innovation, Ajinomoto Co., Inc. 
3 Japan Biological Informatics Consortium (JBiC) 
 

G protein-coupled receptors (GPCRs) exist in equilibrium between multiple conformations, and their 
populations and exchange rates determine their functions. However, analyses of the conformational 
dynamics of GPCRs in lipid bilayers are still challenging, because methods for observations of NMR 
signals of large proteins expressed in a baculovirus-insect cell expression system (BVES) are limited. Here, 
we report a method to incorporate methyl-13C1H3-labeled alanine with > 45% efficiency in highly 
deuterated proteins expressed in BVES. Application of the method to 
the NMR observations of 2-adrenergic receptor in micelles and in 
nanodiscs revealed the ligand-induced conformational differences 
throughout the transmembrane region of the GPCR.  

G (GPCR)

NMR
GPCR

1 GPCR
(BVES)

GPCR

BVES
13C1H3 GPCR NMR

2

13C1H3 3  
 

 

 

 
Fig. 1. Alanine-selective 
13C1H3-labeling of thioredoxin 
with deuteration in BVES. 
1H-13C HSQC spectra of 
thioredoxin expressed in BVES 
with two different protocols. 
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TROSY
NMR

13C1H3

2H
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2H 1H

20
13C1H3 46%

2H 92%

(Fig. 1)  
GPCR 2- ( 2AR) NMR

14 2H 13C1H3

1H-13C HMQC
NMR 22

NMR (Fig. 2)
2AR

300 kDa GPCR
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(1) Shimada, I. et al. (2019) GPCR drug discovery: integrating solution NMR data with crystal and cryo-EM 
structures. Nat Rev Drug Discov 18, 59–82. 
(2) Kofuku, Y. et al. (2014) Functional dynamics of deuterated 2-adrenergic receptor in lipid bilayers 
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Fig. 2. Observations of 2AR alanine 
resonances in nanodisc lipid bilayers.  
1H-13C HMQC spectrum of alanine- and 
methionine-selective 13C1H3-labeled 2AR in 
lipid bilayers of nanodisc, boud with an 
inverse agonist, carazolol. 
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Development of certified reference material for quantitative NMR 
(Potassium hydrogen phthalate, NMIJ CRM 4603-a) 

Taichi Yamazaki, Yoshitaka Shimizu, Yuko Kitamaki, Satoe Nakamura, Xinnu Bao and Nobuyasu Ito 
National Institute of Advanced Industrial Science and Technology (AIST) / Research Institute for Material 
and Chemical Measurement 
 

Quantitative NMR can be quantified based on atomic nuclei, so it is possible to obtain quantitative 
values with metrological traceability by using a reference material different from the substance to be 
measured. Until now, certified reference materials of potassium hydrogen phthalate (PHP) (NMIJ CRM 
3001-c, NIST SRM 84l, etc.), which are highly water-soluble, have been widely used in quantitative NMR 
using heavy water as the solvent, but the certified purity is not the "purity as acid" used in quantitative NMR. 
However, certified purity is the "purity as acid" used in the quantitative NMR. However, certified purity is 
not the mass fraction used in quantitative NMR such as "purity as acid. Therefore, it was not recommended 
to use it strictly as a reference material for quantitative NMR. So, we developed NMIJ CRM 4603-a as a 
certified reference material for quantitative NMR with PHP purity as the certified value. In this presentation, 
we will introduce the details of the evaluation method to determine the certified value in this certified 
reference material.  

NMR
JIS

NMR

3,5- (
) (NMIJ CRM 4601) 1,4- -2,3,5,6-

(NMIJ CRM 4602)
NMR

(PHP) NMIJ CRM 3001-c NIST SRM 84l
NMR

NMR
NMR PHP NMIJ 

CRM 4603-a  
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NMIJ 
CRM 4603-a

Fig. 1

2

1 kg/kg
1

2
(0.9998 kg/kg)

(0.9998±0.0003) kg/kg ( , k=2)
Fig.2 NMIJ CRM 4603-a

NMR

(0.9997±0.0006) kg/kg ( , k=2)

NMR
Fig. 2. Certified reference material for 
quantitative NMR (Potassium hydrogen 
phthalate, NMIJ CRM 4603-a)

Fig. 1. Scheme of purity assessment for determination of certified values
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Structural characterization of Rubrobacter xylanophilus rhodopsin RxR in the unphotolyzed state 
and photointermediates using photo-irradiation solution state NMR spectroscopy 

Rika Suzuki1, Reika Hironishi1, Keiichi Kojima2, Yuki Sudo2, Toshio Nagashima3, Toshio Yamazaki3,  
Hideo Takahashi1 

1 Graduate School of Medical Life Science, Yokohama City University  
2 Medicine, Dentistry and Pharmaceutical Sciences, Institute of Academic Research, Okayama University 
3RIKEN, Center for Biosystems Dynamics Research 
 

Exchangeable protons and their relating hydrogen bonds play important roles in structures and functions 
of biomolecules. However, it is not easy to directly observe them especially in the case that those protons 
are under rapid hydrogen exchange with solvent water, such as oxygen-bound protons. Therefore, NMR 
structural analyses for oxygen-bound protons were limited so far.  

In this study, we employed light-driven proton-pumping rhodopsin from the eubacterium Rubrobacter 
xylanophilus, RxR, showing high stability against heat and chromophore retinal as a target molecule, and 
utilized the solution NMR approaches to obtain local structural information about the hydrogen bonding 
network around the retinal Schiff base on the unphotolyzed (dark-adapted) state and the light-adapted state 
(photointermediates). 1H NMR spectra showed three exchangeable proton resonances originating from 
Y49, D108, and Y178 for the unphotolyzed state of RxR, which means that those OHs are buried and 
involved in stable hydrogen bonds. The utilization of photo-irradiation NMR approaches clarified the 
correlation between RxR in the unphotolyzed state and photointermediates. These results insisted hydrogen 
bonds related to Y49 and Y178 and the strong interaction between W75 and D205 in the light-adapted state 
were critical for the RxR activity. 

[Introduction] 

1H-NMR
OH / COOH

 
 

NMR NMR  
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[Results and Discussion] 
1 OH/COOH  

OG 15N
RxR ¹H-NMR 45

11 12 ppm 2
 (Fig. 1A) 15N-filtered ¹H-NMR

9.6 ppm
1  (Fig.1B)

OH
COOH

 
NMR

 (Fig. 2) 
Y49 Y178

D108

RxR

D85 E187

 
 
2 H/D  

H/D
Y49 D108

Y178 H/D
 

(Fig. 3) Y49 D108

10-3 sec-1

H/D 
Y178 H/D 4.5×10-6 sec-1

 

Fig. 1 1D NMR spectra of [15N] RxR in -OG micelles. 
(A) ¹H-NMR spectrum.  
(B) 15N-filtered ¹H-NMR spectrum. 

 
Fig. 2 Schematic of hydrogen-bonding networks around 
retinal (A) as inferred from the crystal structure of RxR 
(B, PDB:6KFQ) 

 

Fig. 3 H/D exchange experiment on RxR. 
15N-filtered ¹H-NMR spectra of [15N] RxR in H2O buffer 
(A) and after 7 hours in D2O buffer (B). 
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CLEANEX-PM
 < 10-1 sec-1 

2 H/D
H/D  

 
3 NMR  

D74 D205 NMR
Y49 Y178

(Fig. 4) D74
D74N RxR

D205N RxR
4 1

4

Y49 Y178
D74 D205

 
 
4 NMR 5   

RxR 525 
nm 15N-filtered 1H-NMR

3

 (d21) 
NMR

20~30 ms
 (Fig. 5A)

 
NMR

 
(50 ms) 15N-filtered 1H-1H EXSY 
(SC-NMR)  (Fig. 5B)
Y49 0.4 ppm Y178

1.0 ppm

D108
D108

 

 

Fig. 4 15N-filtered ¹H-NMR spectra of [15N] RxR 
(A) and the counterion mutants; D74N RxR (B) and 
D205N RxR (C). 

 
Fig. 5 (A) Time-resolved ¹H-NMR spectra of [15N] 
RxR (gray; d21= 1, 10, 16, 24, 36 msec,  

black; d21 = 100 ms).  
(B) 15N-filtered ¹H-¹H EXSY (SC-NMR) spectrum 
of [15N] RxR with the light irradiation during the 
mixing time. 
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12.7 ppm 15N-filtered¹H-NMR
NH

 (Fig. 6 A) NH
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EXSY (SC-NMR)  (Fig. 6 B)
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[Conclusion] 

W75 NH
Y49

Y178 W75
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Fig. 6 (A) 1H-NMR spectra of the dark-adapted state 
(black) and the light-adapted state (gray). The 
resonance originating from Trp indole NH is 
surrounded by dotted-line box. (B) ¹H-¹H EXSY 
(SC-NMR) spectrum of [15N] RxR with the light 
irradiation period prior to the NOESY pulse scheme. 
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Study of structural transition process of a porous coordination polymer through 
observation of adsorbed CO2 dynamics

Yue Souri1, Takuya Kurihara1, Yasuhiro Shigeta2, Syogo Amemori2, Tomonori Ida1, Motohiro Mizuno1,2

1 Graduate School of Natural Science and Technology, Kanazawa University
2 Nanomaterials Research Institute, Kanazawa University

Porous coordination polymers (PCPs) have been studied as gas-adsorption materials. Flexible PCPs 
frequently show adsorption-induced pore-expansion behavior called “gate opening”. The gate-opening
phenomenon has been attracted attention as a useful property for gas separation because of its gas-selective 
feature. However, the mechanism of guest-induced structural transition in gate opening has not been 
sufficiently understood. In this study, we investigated gate-opening mechanism of a PCP through dynamics 
of adsorbed CO2 by solid-state 13C NMR. Analyses of 13C chemical shift anisotropy (CSA) and T1 relaxation 
times indicate that the structural transition of the PCP gradually progresses from crystallite surface to core
with increasing CO2 pressure.
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[1] PCP
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CO2 XRD
Fig. 2b 0.300 MPa XRD

0.3 MPa

0.300 MPa closed
copen 2

13C 1-pulse MAS CO2 13C
(Fig. 3 ) CO2 CID

CO2

(CSA) (Table 1) CSA
open closed (0.14 MPa) CO2

0.14 MPa CO2

XRD 0.14 MPa closed XRD
open CO2

0.300 MPa open closed 2
CO2 13C T1

closed open
2

closed 0.14 MPa
T1 open 0.79 MPa T1 2

double exp 0.29 MPa T1

1 (open )
(closed )

T1

single exp
CO2

CO2 T1

CO2

T1

CID

References 
(1) H. Yang et al., ACS Cent. Sci. 2018, 4, 1194 1200.

(2) S. Horike et al., Chem. Sci. 2012, 3, 116-120.
(3) T. Kurihara et al., J. Phys. Chem. Lett. 2022, 13, 7023-7028

－ 173 －



 
1  
2  
3  
4   

 
 
Oxidization mechanism analysis using isotope oxygen gas and high sensitivity solid state 
17O NMR spectra for coal. 

Yuki Hata1,4, Keiko Okushita1, Takafumi Takahashi1, Koji Kanehashi2, Koji Saito3, Koyo Norinaga4 
1 Advanced Technology Research Laboratories, Nippon Steel Corporation 
2 Nippon Steel Technology Co., Ltd. 
3 Nippon Steel Research Institute Corporation 
4 Department of Chemical Systems Engineering, Graduate School of Engineering, Nagoya University 
 
For direct observation of oxygen functional groups generated during oxidation reaction and analysis of the 
oxidation mechanism, coal was treated at 40 – 150 degree C under 17O2 atmosphere. Solid state 17O MAS 
NMR spectra of the oxidized coal were acquired by using oldfield echo pulse sequence. Since the 17O MAS 
NMR spectrum acquired by single pulse sequence suffered from distortion caused by ringing phenomenon, 
the oldfield echo pulse sequence was used to eliminate the spectral distortion. As a result, two kinds of oxygen 
functional groups generated by oxidation were observed. Based on the quantitative analysis of 17O MAS 
NMR spectra, it was found that the amount of oxygen functional groups increased with an increase of 
oxidation temperature. Furthermore, pjMATPASS sequence revealed aldehyde group generated in oxidized 
coal by eliminating the spinning side band (ssb) interference from 17O MAS NMR spectra. 
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Fig. 1 17O NMR Single Pulse, Oldfield 

Echo Oldfield Echo

Fig.2 2
site A, B 40 ºC 4) site A
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S/N

2) Oldfield echo 1 NMR

 
Fig. 1 17O MAS NMR spectra of oxidized coal 

acquired by (a) Oldfield Echo and (b) Single 

Pulse. 
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A/site B Fig. 3 site A/ site 

B  40, 60, 70 ºC 0.6
site A/ site B 80, 100, 120, 150 ºC 1.0, 1.1, 

1.2, 1.4 1) 

site A site B
Wang

2)  

60 C 150 C 17O 
3QMAS NMR Fig.4 (a), (b) 60 C

17O
150 C

17O
60 C

150 C

 

 

Fig. 4 17O 3QMAS NMR spectra of oxidized coal prepared at (a) 60ºC and (b) 150ºC. 

 
Fig. 2 17O MAS NMR spectra of oxidized coal. 

 

 
Fig. 3 Estimated site B/ site A ratio in oxidized coal. 
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Fig. 5 17O MAS NMR spectra of oxidized coal at 80ºC 

acquired by (a) pjMATPASS with 1H decoupling, (b) 

Hahn echo with 1H decoupling and (c) Hahn echo with 

non- 1H decoupling sequence. 
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Magnetically manipulated goniometer 

Tomoya Kamide1, Kazuyuki Takeda1 
1 Division of Chemistry, Graduate School of Science, Kyoto University  
 

We propose a strategy to reorient magnetically oriented crystals in an arbitrary direction with respect to 
the external magnetic field, opening the possibility of applying magnetically oriented microcrystal 
suspension (MOMS) to characterization of anisotropic nuclear spin interactions.

[Introduction] 

[1]
NMR

NMR

NMR

[Principle] 

 
magnetic susceptibility ( ), single crystal ( ), Magnetically Oriented Microcrystal Suspension 
(MOMS) 

 

(a) 

 
(b) 

 
Fig. 1. A proposed scheme for (a) 
magnetic alignment of crystals with 
frequency modulated rotation of the 
sample together with the holder, 
followed by (b) another rotation of 
the inner sample tube alone. 
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aruduino
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8 mm
 

300 75 20 MHz
7 T 1H-13C-14N
2

10% 1-13C L- 13C
14N

 

 
 
 
 
 
 
 
 
 
 
 
Reference 
[1] Kusumi R, Kadoma H, Wada M. et al., Journal of Magnetic Resonance 309 (2019) 106618. 

(a)                                 

 
(b)  

 
Fig. 2. (a)13C NMR spectra of a magnetically 
oriented single crystal of 10% 1-13C L-alanine. 
(b) 14N NMR spectra of magnetically oriented 
single crystal of glycine. The data were 
acquired in 7 T at room temperature for 
various angles  between the  axis of the 
magnetic-susceptibility tensor and the external 
field. 
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Development of optimization design and evaluation method for RF coils using genetic 
algorithms 

 TRITRAKARN Techit 1, YAMAMOTO Kouki1, TAKAHASHI Masato2, OKAMURA 
Tetsuji1 
1 Department of Mechanical Engineering, Tokyo Institute of Technology 
2Laboratory for NMR Engineering and Structural Science, RIKEN Center for Biosystems Dynamics Research 
 

An electromagnetic field simulation that can apply genetic algorithms to optimize the shape of RF coils 
for NMR/MRI was developed. C++ is used to calculate the B1 magnetic field from an arbitrary coil geometry 
to predict the 90-degree pulse length and signal intensity. The optimization of the planar RF coil was 
demonstrated to obtain the NMR signal most efficiently from the combination of 250 wires in the coil. The 
signal intensity of the designed RF coil and a dimensionally optimized solenoid coil with the same sample 
volume size were compared to evaluate the performance in the simulation and the NMR measurement. The 
signal intensity ratio against the optimized solenoid coil named "Optimized Solenoid signal strength Ratio 
(OSR)" is proposed as a new evaluation parameter of RF coils. The demonstration experiments were 
performed by 14N NMR measurement using a 500 MHz NMR magnet and a home-built spectrometer. 

NMR/MRI RF RF

RF NMR
RF RF

Genetic algorithms, GA  

RF

 
NMR/MRI RF 1,2

 
RF  

 
  

 

P22Y

－ 180 －



 

 

RF

/4
RF RF

Filling Factor
NMR  
PC
RF

RF

RF NMR  
Hoult NMR RF

/ 0.8 / 1.5 3 RF
RF NMR

Optimized Solenoid signal strength Ratio, 
OSR RF  

 
C++

NMR 4

 

(Fig. 1) (0, 0, 0)
D 2

RF

2 2
yz

100
50 250 
(1.12x1015) 

0
50 ( ) 100 100

RF
90

NMR OSR
NMR OSR

 
Fig. 1. The initial state of GA model 
The presence or absence of line current is 
expressed by 2-digit binary bits. 
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Fig. 2. The optimal combination of line current 
from 2000th generation of GA when sample 
diameter D is 3 mm 
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Fig. 3. The spiral planar RF coil pattern which 
converted from line current and the sample 
with length l in 3D model for OSR calculation 

y
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Fig. 4. The spiral planar RF coil made from FR-
4 PCB 
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Table. 1. The results of experiment and simulation 

    Experiment Simulation 

Coil Type 
Q 

factor 
Power 
[W] 

90P(metal 
ball)[us] 

90P 
[us] 

Signal OSR 
90P 
 [us] 

Signal 
[V] 

OSR 

Solenoid 115.9 0.56 160.0 160 40.78   155 3.06E-05   
Planar coil 53.4 10 161.1 160 7.75 0.19 138.6 6.14E-06 0.20 

 
1

RF
RF 0.2

RF Filling Factor 0.297 RF 0.038 0.13
RF RF 90 4

 
2 RF 3

OSR
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Application of benchtop NMR for metabolomics study of Inflammatory Bowel Diseases 
using DSS-induced colitis model mice 

Zihao Song1, Yuki Ohnishi1, Seiji Osada2, Li Gan1, Jiaxi Jiang1, Zhiyan Hu1, Hiroyuki Kumeta1, Yasuhiro 
Kumaki1, Kiminori Nakamura1, Tokiyoshi Ayabe1, Kazuo Yamauchi3, Aizawa Tomoyasu1 
1 Graduate School of Life Science, Hokkaido University  
2 Nakayama Co.,Ltd. 
3 Instrumental Analysis Section, OIST 
 

Metabolomics has shown its potential of recognizing diseases and identifying biomarkers. Indeed, high-
field NMR equipped with superconducting magnet represents one of the routinely used techniques for 
metabolomics study. However, further application for medical purposes or field research are restricted by its 
low accessibility. In this study, we applied low field, benchtop NMR (60 MHz) based on permanent magnet 
to characterize the alteration of metabolic profile of feces sample obtained from the DSS-induced ulcerative 
colitis model mice. Non-targeted multivariate analysis successfully discriminated the DSS-induced group 
from the healthy control and showed high comparability with high field NMR (800 MHz). In addition, the 
concentration of acetate could be accurately quantified with based on 60 MHz NMR spectra. 

[Introduction] Metabolomics targets at comprehensive measurement of metabolites. It has been applied 
to identify key biomarkers and investigate the pathogenesis of various human diseases. High-field NMR 
spectrometer (400 MHz or higher) based on superconducting magnet has been one of the most routinely used 
techniques for metabolomics studies while further applications for medical purposes and field reseaches are 
restricted because of its large size, substantial investment and requirement of cryogenic fluids maintenance 
and well-trained staff. Correspondingly, the newly developed cryogen-free, low-field, benchtop NMR based 
on compact permanent magnets may solve these problems and represent a new approach for metabolomics 
studies for its small size and low running cost. Previous studies have detected common markers of type 2 
diabetes [1-2] and tuberculosis [3] using urine sample by benchtop NMR. Nevertheless, the feasibility of 
benchtop NMR for metabolomics studies has not been universally verified and the shortcomings of low 
sensitivity and resolution need to be solved. Therefore, we applied the low-field, benchtop NMR for 
identifying and characterizing the metabolic profile of feces sample of DSS-induced colitis model mice.  
 
benchtop NMR, metabolomics, feces 
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[Method] Six mice were divided into control 
group and DSS-induced group and cultivated 
for 7 days. 3.5% of DSS was added into the 
drink water for DSS group mice to induce 
colitis. The feces sample were collected each 
day for measurement by both 800 MHz and 60 
MHz NMR using water suppression pulse. 

[Results] Fig. 1 shows representative 1H 
NMR spectra of fecal extracts from a healthy
mouse. Comparing with 800 MHz spectra and 
database, nineteen metabolites were annotated
on the 60 MHz spectra. Binning was exported using the total area of the spectra line of 0.04 ppm and Pareto-
scaling was applied. Non-targeted multivariate analysis was utilized to examine the discriminant ability of 
this model and the OPLS-DA score plot of day 2~5 was shown in Fig. 2, suggesting statistical significance 
for the separation of DSS and healthy group. Importantly, it showed similar metabolic profile with 800 MHz.
Next, we quantified the concentration of acetate, which appears to be a key biomarker. The concentration of 
acetate based on 60 MHz NMR spectra was quantified by curve fitting method and compared with the routine 
method by using 800 MHz. No significant error was found between low field and high-field data. According 
to Fig. 3, the concentration of acetate in DSS-induced group was significantly higher than the control group 
at day 5. In summary, our study presented the potential benchtop NMR for the rapid diagnosis of 
Inflammatory bowel diseases (IBD) using DSS-induced model mice.

References 
[1] Percival BC, et al. Low-Field, Benchtop NMR Spectroscopy as a Potential Tool for Point-of-Care Diagnostics 
of Metabolic Conditions: Validation, Protocols and Computational Models. High Throughput. 2018;8(1):2. 
[2] Leenders J, et al. Benchtop Low-Frequency 60 MHz NMR Analysis of Urine: A Comparative Metabolomics 
Investigation. Metabolites. 2020;10(4):155. 
[3] Izquierdo-Garcia JL, et al. Discovery and validation of an NMR-based metabolomic profile in urine as TB 
biomarker. Sci Rep. 2020;10(1):22317.

Fig. 1. 1H NMR spectra of mouse feces obtained by 60 
MHz (up) and 800 MHz (down) spectroscopy.

Fig. 3. The concentration of acetate in the mice 
fecal sample quantified by curve fitting 
method. *: p<0.05

Fig. 2. OPLS-DA score plot of mice feces of control 
group (diamond) and DSS group (circle) from day 2 
to day 5 acquired on 60 MHz NMR spectrometer.
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Federated learning using human NMR data
Rei Fujimura1, Shunji Yamada2, Jun Kikuchi1, 2, 3

1 Graduate School of Medical Life Science, Yokohama City University
2 RIKEN Center for Sustainable Resource Science
3 Graduate School of Bioagricultural Sciences, Nagoya University

Although NMR produces data they are compatible across institutions, it is not easy to collect medical 
data from the perspective of individual personal information, and there are many preprocessing issues 
involved in integrating data generated by multiple institutions in a distributed manner. Therefore, in this 
study, we examined federated learning for human NMR data, which integrates learning models created 
based on distributed data. Preprocessing was examined to manage and utilize the distributed human NMR 
data. Furthermore, we focused on lipoproteins, which are potentially involved in cardiovascular events but 
are difficult to analyze due to their broad spectra, and 
examined the application of non-negative sparse 
coding (NNSC).

NMR

NMR

[1]
NMR

[2]

NMR (Fig.1)[3] NMR

[4] Non-negative 
sparse coding (NNSC) [5]

Fig.1. Conceptual diagram of collected and 
federated analysis for human NMR data.
Left: collected analysis. Right: federated analysis.
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Fig. 2. NMR data integration approach.
Top: Integrated approach for NMR data acquired 
with different parameters. Bottom: Flow of the 
process including preprocessing.
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Fig. 3. Searching for key factors in disease by 
random forest using lipoprotein NMR spectra
(a) Importance factors extracted by random forest.
(b) Peak separation of lipoprotein spectrum.
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14N NMR :
1,2

1,2 JEOL RESONANCE RIKEN-JEOL

B0 field dependence of 14N NMR: Higher the better?
Yutaro Ogaeri1,2, Yusuke Nishiyama1,2

1,2 JEOL RESONANCE, RIKEN-JEOL Collaboration Center

It is recently shown that 1H-14N overtone (OT)-RESPDOR efficiently probes 1H-14N spatial proximities. 
Despite the common believe that higher B0 field is beneficial to NMR, it is not clear whether high B0 field 
is preferable to 14N OT, since the OT nutation frequency is inversely proportional to B0 field. In this study, 
we performed 1H-14N OT-RESPDOR experiments at several different magnetic fields and clarified the B0

field dependence of the detection efficiency. Experimental results showed that the detection efficiency of 
1H-14N OT-RESPDOR is independent of the B0 field strength and size of quadrupolar coupling, provided 
the 14N OT pulse lengths are optimized.

NMR
14N 15N NMR 15N 1%

14N 99%
(I = 1)

1H
Larmor 2 14N overtone (OT) 

RESPDOR NMR1

14N OT
14N OT nutation frequency

1H-14N OT-RESPDOR

Fig.1 1H-14N OT-RESPDOR
1H-14N SR4

1H
S0 SR4

14N (OT) 

S’ 14N
1H S0 S’ S0-S’

14N OT
1H-14N
MAS, 14N NMR

Fig.1 pulse sequence of 1H-14N OT-RESPDOR
Signal is recorded with(S’)/without(S0) the 14N 
saturation pulse. 
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Fig.4 filtering efficiency of 1H-14N OT-RESPDOR
The filtering efficiency of each nitrogen atom 
/ B0 field is shown. Blue: Histidine NH3+
(1.2 MHz) Red: Histidine NH (1.8 MHz) 
Green: N-Acetyl Alanine (3.4 MHz)

Fig.2 Chemical structure of N-
Acetyl Alanine (A) and 
orthorhombic L-Histidine (B) 

Fig.3 Relation of NH signal intensity of N-Acetyl
Alanine and pulse widths of 14N OT pulse.
Intensity of NH signal with each 14N OT pulse 
width is arrayed. Intensity of the maximum 
efficiency of each B0 field is marked in red.
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Multi-nuclear solid state NMR analysis on carbonation behavior of blast furnace slag 
cement 

Takafumi Takahashi1, Hitoshi Morooka1, Yusuke Otsuka2 
1 Nippon Steel Corporation 
2 Nippon Steel Blast Furnace Slag Cement Co., Ltd. 
 

Using Ground blast furnace slag (GGBS) cement can save energy consumption and decrease the amount 
of CO2 emission since a part of clinker of BFS cement is substituted by fine particles of BFS that has been 
produced in an iron making process. Based on the estimation under accelerated condition, one of the 
disadvantages of BFS cement is considered to be low durability against carbonation. Recent findings, 
however, suggest that carbonation under accelerated condition would not adequately follow reaction under 
real atmospheric one. In this study, chemical structural changes of BFS cement under atmospheric and 
accelerated condition were investigated by using multi-nuclear solid state NMR. It was found that 
carbonation under accelerated condition could deteriorate the property of BFS cement more than that in 
atmospheric condition. 
 
1.  

CO2 CO2

87

1

2

NMR  
 
2.  

85mass%
Table 1 =60%

20 7 5mm 10mm 50mm
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D-Dry
14 7  

 
Table 1. Chemical composition of blast furnace cement (BFS) pastes. 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 MnO Cl ig.loss

B85 30.97 12.66 0.78 47.41 4.84 2.02 0.52 0.16 0.26 0.28 0.02 0.003 0.28

Chemical composition [mass ]

 
2.1. NMR  
2.1.1. 29Si MAS  29Si{1H}CPMAS  

29Si MAS NMR 9.4T(1H 400.265MHz 29Si 
79.521MHz) JEOL-ECA400 8 mm

7kHz,  1.09 s (18o )  9 s 10000
29Si{1H} CPMAS 1H 90o 

 5.1 s, 5s 28000 contact time 0.2 ms, Hartmann-Hahn
RF  

2.1.2. 27Al MAS & 3QMAS NMR  
27Al MAS NMR 16.4T(27Al 182.24 MHz) JEOL-ECA700

4mm 3QMAS 18 kHz
27Al MAS 1 s 18o

 3 s 6400 3QMAS DQF-SPAM 3

 
2.1.3. 1H MAS & 1H DQMAS NMR  

1H MAS NMR 1H DQMAS NMR 18.8T(1H 800 MHz
Bruker-AVANCE800 0.7mm  
1H MAS NMR 100 kHz

DEPTH 4 90o  1.2 s,  15 s 3200
1H DQ (Double Quantum) MAS BABA16 5

 1.2 s, 3s t1 192  
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27Al MAS NMR Fig. 2 7
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1H DQMAS Fig. 3  
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Fig. 1. Summary of 29Si MAS and Si{1H}CPMAS NMR spectra of GGBS cement pastes 
before and after carbonation. (a) :sealing cure. (b): atmospheric carbonation, (c): accelerated 
carbonation. 

 
Fig. 2. Summary of 27Al NMR spectra of GGBS cement pastes before and 
after carbonation. (a):sealing cure. (b):atmospheric carbonation, (c): 
accelerated carbonation. 
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Fig. 3. Summary of A) 1H MAS NMR spectra for (a) sealing cure, (b) atmospheric carbonation, (c) accelerated carbonation, 
and B) 1H DQMAS NMR spectrum of carbonation under accelerated condition. 

A) B) 
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Quantification of lactose in human breast milk using benchtop NMR
Jiaxi JIANG1, Zhiyan HU1, Li GAN1, Zihao SONG1, Yuki Ohnishi 1, Seiji Osada 2, 

Hiroyuki Kumeta1, Yasuhiro Kumaki1, Kazuo Yamauchi3, Tomoyasu Aizawa1

1Grad. Sch. Life Sci., Univ. Hokkaido
2Nakayama Co.,Ltd.
3Instrumental Analysis Section, OIST

Human breast milk is the primary source of nutrition for neonates. Changes in the 
lactose concentration of breast milk have an essential impact on the growth of c hildren. 
NMR is an attractive technology for quantifying lactose , and the recent emergence of 
benchtop NMR may address the high purchase and maintenance costs of high -field 
NMR and can be used by point-of-care facilities. In this study, we investigated a 
protocol for the determination of lactose in breast milk by bench -top NMR. The 
reliability of the benchtop NMR was demonstrated by comparing the results of lactose 
quantification in breast milk using benchtop NMR with 8 00 MHz NMR.

Overview
In comparison to high-field NMR using 
expensive-superconducting coils, 
benchtop NMR uses permanent magnets, 
which results in reduced investment and 
maintenance costs and a smaller size. 
However, on the other hand, as shown in 
Fig. 1, the resolution and sensitivity of 
benchtop NMR is much lower than those 
of high field spectrometers. 
Furthermore, because benchtop NMR is 
a newly developed device, there are no 

Benchtop NMR, Quantification, Human breast milk

,  

Fig. 1 Comparison of 1H spectra between 
800 MHz NMR and 60 MHz NMR of the
same breast milk samples.
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well-established protocols. Therefore, in this study, a detailed examination of the 
conditions related to measurement and analysis was conducted to determine the 
concentration of lactose in breast milk using bench -top NMR.

Methods and results
The selection of the power of the pre -saturated pulse can greatly affect the accuracy 

of the quantification results since the residual water signal will overlap with the 
lactose peaks. By comparing the spectra of the lactose standard sample obtained after 
applying pre-saturation pulses of different powers , as shown in Fig. 2, it was found 
that the use of an appropriate pre-saturation pulse could effectively suppress the water 
signal, with only a minor effect on the rest of the spectrum.

Next, the method of using TSP as an internal standard and the method of 
quantification using calibration curves built using standard lactose samples without 
using an internal standard were examined.

lactose standard curves were built using the spectra area of -Lactose H1 
peak and lactose bulk ring region of the lactose gradient samples . The obtained 
standard curves were applied to quantify lactose in 18 human breast milk samples.

As shown in Fig.3, the dependability of using benchtop NMR for lactose 
quantification was demonstrated by comparing the quantification results with those 
of the 800 MHz NMR equipment.

Fig. 2 impact of different pre-saturated pulse 
power settings on the spectra of 100 mM 
lactose standard samples.

Fig. 3 Errors in the quantification results of 
lactose concentration in human breast milk 
using benchtop NMR.
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Aggregation kinetics and Structural Insight of -synuclein Monomers 
Cross-seeded with -amyloid Fibrils. 

 Li Bing Kee1, Takayuki Kamihara1,2, Tatsuya Matsunaga2, Yoshiki Shigemitsu1, 
Isamu Matsuda1, and Yoshitaka Ishii1,2  

1School of Life Science and Technology, Tokyo Institute of Technology,  
Yokohama, Japan.  
2Advanced NMR Development & Application Team, BDR Center, RIKEN,  
Yokohama, Japan. 

 
 Amyloid proteins, such as -amyloid (A ) and -synuclein ( S), misfold into amyloid oligomers 
and fibrils, are the common characteristics of various neurodegenerative diseases. Dementia with Lewy 
bodies (DLB) and Parkinson’s disease (PD) are neurodegenerative disorders resulting from the accumulation 
and aggregation of S and the formation of Lewy bodies (LB) in brain. Alzheimer’s disease (AD) is a 
neurodegenerative disorder resulting from the abnormal assembly and misfolded A  and the development of 
amyloid plaques. Recent studies suggested that misfolded A  are frequently observed in DLB and PD patients, 
implying a possible cross talk between S and A  aggregation. In this research, we monitor the aggregation 
kinetics of S monomers in the presence of A  fibril “seed” using Thioflavin T (ThT) fluorescence assay, 
while examining the morphology of S fibrils via transmission electron microscopy (TEM). We will also 
report the impact of the cross-seeding on structures of the resultant fibrils characterized by solid-state NMR 
(SSNMR). 
 
 

   The major pathological hallmark of PD is abnormal accumulation and aggregation of S protein in 
the form of Lewy bodies. Recent studies reported that misfolded S exhibits structural differences in various 
neurodegenerative diseases such as PD, DLB, and multiple system atrophy (MSA) [1,2,3]. AD is 
characterized pathologically by deposition of A  plaques and formation of neurofibrillary tangles by tau 
protein. Recent studies indicated co-existence of S and A  pathologies in many AD patients, suggesting 
possible interaction between S and A .[4] One hypothesis that explains the interaction is that S and A  
may exert cross-seeding effect from one to the other and can promote the aggregation [5,6]. Cross-seeding, 
which is also known as heterologous seeding, occurs when the polymerization of one amyloid protein is 
catalyzed by aggregates of a different amyloid protein [7]. However, unlike self-seeding, in which aggregates 
of the same amyloid protein are used as seed, the mechanisms of misfolding and aggregation of S in various 
cross-seeding conditions remain unclear. Also, there is a lack of studies on the structural details of amyloid 
fibrils derived from such cross-seeding interactions using SSNMR. 

In this study, the effects of cross-seeding on S misfolding kinetics was monitored by incubating 
S monomer in the presence of A 40 fibril by ThT fluorescence, which selectively detects formation of 

amyloid fibrils. The results were compared with those for unseeded and self-seeded S samples.  
 
alpha synuclein, cross-seeding, SSNMR  
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The morphologies of the cross-seeded fibrils were inspected by TEM in comparison with those for self-
seeded S samples. We will also discuss the structural differences of self-seeded and cross-seeded fibrils 
observed by SSNMR, which may provide some new insight into the correlation between AD and PD 
pathogenesis. 
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Fibril inhibition mechanism of human calcitonin by mutation and addition of curcumin 
as revealed by solid state NMR and MD simulation 

Akira Naito1, Hikari Itoh-Watanabe1, Shuhei Toyoda1, Namsrai Javkhlantugs1,2, Izuru Kawamura1, 
Kazuyoshi Ueda1 
1 Graduate School of Engineering, Yokohama National University  
2 School of Engineering and Applied Science , National University of Mongoria 
 
   Human Calcitonin (hCT) is known as an amyloid forming peptide. We have investigated that hCT fibrils 
form cross -sheet structure and Y12, F16, F19 and F22 play important role for the interaction between -
strands in fibrils using solid-state NMR spectroscopy and MD simulations. It is also investigated that hCT 
fibrils are formed by taking two step autocatalytic reaction mechanism with nucleation (k1) and fibril 
elongation (k2) steps. In this study, firstly fibril formation kinetics were investigated with TL-hCT (Y12L, 
F16L, F19L) mutants. Experimental results indicate that the rate of fibril elongation step was significantly 
slowed, indicating that the fibril elongation process is inhibited by the mutation. Second, fibril forming 
kinetics of hCT by addition of curcumin was investigated and the results indicate that the fibril nucleation 
rate was significantly increased. This result indicates that curcumin actually inhibit the fibril nucleation step.  
 
[ ] 

(hCT)
CT

CT (1-4) CT
NMR Fig. 1 
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[13CO]Phe22,[13C3]Ala31-hCT, [13CO]Gly10, 
[13C3]Ala26-hCT CP-MAS
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((3), Figure 1b)

[ CT
(1),(4)]

CT CP-MAS
Figure 2a

CP-MAS
hCT

(4) 2

CT A, CT
B (1)

Fig. 1: Structures of hCT fibril. (a) Cross -
sheet structure was formed as revealed by 
solid-state NMR. (b) Interaction were formed 
between -strands (F16-F19; interaction, 
D15-K18; electrostatic interaction, Y12-F22; 

interaction) at pH 7.5. (3)

Fig. 2: hCT fibrillation mechanism. (a): Time 
course of CP-MAS (fibril) and DD-MAS 
(monomer) NMR signal intensities. (b):
Fibrillation process of hCT in neutral solution. 
The k1 is rate constant of nucleation step and k2

indicates fibril elongation step (1), (4).
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         k1
noA Ano  Bno      [1] (Nucleation)

2

      k2
A+Bn Bn+1       [2] (Fibril elongation)

(dt/dt) = k1(1-f) + k2af(1-f)       [3]

Eq. [4]

[4]

f: Fraction of B, a: Initial concentration of B, 

s=k1/k, k=ak2

Eq. [4] (k1), 
(k2)

[TL- CT(Y12L, F16L, F19L)
(3)]

Tyr12, Phe16, Phe19
Y, F L

TL- CT Y12L, F16L, F19L
Figure 3, Table 

1 TL- CT (k1) CT

(k2) TL- CT CT

-
Y. F L

[ CT
]

-
hCT

MD
Figure 4

CT F16, F19, H20

Fig. 3: Fibrillation mechanism of TL-hCT mutant. 
(a)Time courses of DD-MAS (monomer) and CP-
MAS (fibril) signals of TL-hCT mutant. (b) Time 
course of signal intensities (fraction of fibril) of 
hCT and TL-hCT (3).

Fig.4: Interaction of curcumin with hCT 
monomer revealed by MD simulation. 
Interaction between hCT monomer and 
curcumin are forming T-shaped (F19-
Cur). CH-O (F16-Cur) and parallel H20-
Cur interactions.
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Table 1: Rate constants of fibril formation kinetics for hCT and TL-hCT (3). 

 k1 (s-1): Nucleation k2 (s-1M-1): Elongation 
WT hCT 2.79 x 10-6 2.29 
TL-hCT 3.40 x 10-6 2.98 x 10-3 

 
Table 2: Rate constants of fibril formation kinetics for hCT in the presence of curcumin. 

 k1 (s-1): Nucleation k2 (s-1M-1): Elongation 
hCT 3.84 x 10-6 0.318 
hCT + DMSO (30%) 1.25 x 10-8 0.442 
hCT + DMSO (30%) + curcumin (0.210 mM) 3.13 x 10-10 0.294 

 
[ ] 

CT 2 1
Y,F L TL-hCT (Y12L, F16L, F19L)

2
CT

CT CT
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Development of RDC measurement method for protein using titanium oxide nanosheets 
and non-detergent sulfobetaines 

Yuma Itasaka1, Aoi Kokago1, Kyoko Furuita2, Toshihiko Sugiki2, Kaori Wakamatsu3, Noriyuki Uchida4, 
Yasuhiro Ishida4, Takuzo Aida5, Toshimichi Fujiwara2, Chojiro Kojima1,2 
1 Graduate School of Engineering Science, Yokohama National University 
2 Institute for Protein Research, Osaka University  
3 Graduate School of Science, Gunma University 
4 Center for Emergent Matter Science, RIKEN 
5 Department of Chemistry and Biotechnology, School of Engineering, The University of Tokyo 
 

Residual dipolar coupling (RDC) provides long-range distance information and orientations of internuclear 
vectors with respect to the magnetic field. RDC is valuable for structure determination, validation, and 
dynamics analysis of proteins. The measurement of RDC values requires the weak alignment of the 
macromolecule in the magnetic field. Various alignment media have been utilized to align protein molecules. 
To determine the orientation of bond vectors accurately from RDC, five independent alignments are required. 
In this study, we utilized new perpendicular alignment media, titanium oxide nanosheets (TiNSs), for protein 
RDC measurement with the protein stabilizer, non-detergent sulfobetaine (NDSB). 
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(NDSB) [6] TiNSs

RDC

15N G B1 (GB1)
TiNSs NDSB-195 (Fig. 1a) GB1 1H-15N IPAP-

HSQC 1H-15N HSQC NDSB NMR
NDSB-195 NDSB-211 -221 choline-O-sulfate (COS) NMR IPAP-
HSQC RDC PALES [7] 

(R) Q factor NMR Bruker AVANCE  HD 
500 MHz 308 K

TiNSs NDSB-195 RDC

TiNSs 15N GB1

TiNSs NDSB 1 NDSB-
195 15N GB1 1.0 M 
NDSB-195

GB1 RDC
R 0.9 Q
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(Fig. 1b) HSQC

GB1

(Fig. 1c)
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RDC

NDSB-195 NDSB NDSB-211 NDSB-221 choline-O-sulfate (COS) NDSB-
195 RDC R Q factor (Table 1)

NDSB TiNSs RDC

NDSB 1.0 M 2.5 M HSQC RDC 2.5 M NDSB
GB1 HSQC

PALES 1.0 M NDSB
R Q factor (Table 1)

Fig. 1. (a) Chemical structure of NDSB-195. (b) 
Correlation plot of measured and calculated RDCs. 
(c) 1H-15N HSQC spectrum of GB1 with TiNSs and 
NDSB-195.
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TiNSs NDSB-195 RDC TiNSs NDSB-195
GB1

TiNSs RDC HSQC
2

GB1 2 TiNSs (Fig. 2a)
2

NDSB-195 HSQC 3
HADDOCK [8] GB1 NDSB-

195 (Fig. 2b) TiNSs NDSB-195
GB1

TiNSs NDSB-195 HSQC
GB1 TiNSs (Fig. 2c) NDSB-195

NDSB-195 TiNSs
NDSB-195 GB1 TiNSs RDC

Fig. 2. Schematic illustration of intermolecular interactions between GB1, TiNSs, and NDSB-
195. (a) Interactions between GB1 and TiNSs. Interaction sites are shown by sphere 
representation with residue name. (b) Interactions between GB1 and NDSB-195 mapped on 
the HADDOCK-derived structural model of GB1 complex with NDSB-195. Interaction sites 
are shown by sphere representation with residue name. (c) No interaction between GB1 and 
TiNSs in the presence of NDSB-195.
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TiNSs  [5] RDC
Pf1 phage

TiNSs NDSB
PALES

 (Table 1) 4 NDSB GB1
Pf1 phage Da

 [9]  
 

Table 1. Alignment tensors of GB1 by using various measurement methods  

 Da (Hz) Rhombicity Euler angles R Q factor 

TiNSs -4.18 0.463 (130, 68, 214) 0.870 0.436 
TiNSs+1.0 M NDSB-195 -4.97 0.439 (121, 81, 221) 0.970 0.167 
TiNSs+1.0 M NDSB-211 -5.27 0.319 (119, 80, 223) 0.959 0.182 
TiNSs+1.0 M NDSB-221 -5.21 0.440 (118, 82, 219) 0.974 0.158 

TiNSs+1.0 M COS -4.81 0.345 (116, 78, 227) 0.967 0.159 
TiNSs+2.5 M NDSB-195 -5.37 0.543 (122, 81, 216) 0.945 0.264 
TiNSs+2.5 M NDSB-211 -4.84 0.504 (124, 81, 221) 0.960 0.196 
TiNSs+2.5 M NDSB-221 -5.72 0.584 (127, 93, 205) 0.951 0.249 

TiNSs+2.5 M COS -3.50 0.495 (118, 77, 225) 0.971 0.167 
Pf1 phage  5.62 0.410 (118, 83, 219) 0.970 0.169 
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NMR metabolomics of administration of mulberry leaves containing -glucosidase 
inhibitors on the intestinal environment of mice 

Li Gan 1, Yuga Inamura 1, Zihao Song 1, Yuki Ohnishi 1, Yasuhiro Kumaki 1, Tomoyasu Aizawa 1 
1 Graduate School of Life Science, Hokkaido University 
 

Mulberry leaf is considered as a functional food in many Asian countries. Previous studies have reported 
that the mulberry leaf shows anti-hyperglycemic, anti-oxidative, and anti-inflammatory effects. However, 
the effect of mulberry leaf on fecal metabolites is poorly understood. In this study, we conducted nuclear 
magnetic resonance-based metabolomics on control and mulberry leaf powder (MLP)-treated mouse feces 
across 9 weeks of treatment to reveal the effect of MLP intake over a long period. Carbohydrates, amino 
acids, and propionate were found to significantly (P < 0.01-0.05) alter upon MLP treatment. In the MLP-
treated group, levels of glucose and all amino acids were lower after week 5, while maltose increased clearly 
after week 5. Propionate was higher from week 1 to 4. These results may suggest that the gut microbiota of 
mouse might be modulated gradually by continuous treatment with MLP. The study provides significant 
insights into the effects of long-term intake of MLP and provides a basis for further investigation in 
therapeutic application of MLP. 

P.Y. Chao, Evid. Based Complement. 
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(MLP)

NMR (Fig. 1)
Chenomx NMR Suite 8.2 (Chenomx 
Inc.) 39

BCAA
1 MLP 5

Fig. 2 5
- DNJ

5 5

5 MLP
5

TCA

NMR

Fig. 1. 1H NMR spectra of mouse fecal extraction obtained 
from control (A), MLP-treated (B).

Fig. 2. Time course quantitative values of control (dotted line) and MLP-treated (solid line) mouse 
feces. Values are mean ± SEM. Asterisk indicates significant difference between control and MLP-
treated (*P < 0.05, **P < 0.01)
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NMR analysis of 2’-fucosyllactose in human breast milk
Zhiyan Hu1, Jiaxi Jiang1, Li Gan1, Zihao Song1, Yuki Ohnishi1, Seiji Osada2, Hiroyuki Kumeta1,

Yasuhiro Kumaki1, Kazuo Yamauchi3, Tomoyasu Aizawa1,
1 Grad. Sch. Life Sci., Univ. Hokkaido
2 Nakayama Co.,Ltd.
3 Instrumental Analysis Section, OIST

Human breast milk (HBM) is the primary source of newborn infants. 2’-fucosyllactose (2’-FL) and 3-
fucosyllactose (3-FL) are the main components in human milk oligosaccharides (HMOs), which facilitate 
gut integrity and benefit for brain. The secretion of 2’-FL relates to the FUT2 gene, which encodes the -
(1,2)-fucosyltransferase. Another FUT2 gene-related HMO is lacto-N-fucopentaose I (LNFP- I), while 3-FL 
is not related. Mothers who can produce the enzyme are regarded as secretors, otherwise as non-secretors. In 
this study we investigated a new technique to analyze these HMOs in HBM using a 60 MHz low-field 
benchtop NMR spectrometer. By analyzing peaks from methyl groups in fucose, we succeeded in clearly 
distinguishing between secreted and non-secreted donors using a 60 MHz NMR system. Furthermore, we 
succeeded in obtaining quantitative results for HMO that correlated well with a superconducting high-field 
NMR system.

Introduction
2’-FL promotes immune development in the gut 

in a child’s early years and helps infants suffer from 
less upper respiratory tract infections. 3-FL could 
reduce the risk of gut microbiota imbalance caused 
by undesirable harmful bacteria.

The secretion of 2’-FL and LNFP-I depends on 
the FUT2 gene, which encodes -(1, 2)-
fucosyltransferase. This enzyme catalyzes the 
addition of fucose to HMOs, and the mother is 
referred to as secretory or nonsecretory depending 
on the presence or absence of its enzyme synthesis 
capacity. Determining which group a mother falls into may be clinically meaningful.

Benchtop NMR, 2’-FL, Human milk oligosaccharides

,

Fig. 1 800 MHz and 60 MHz 1H NMR spectra of 
a representative HBM sample. 
60 MHz NMR shown upper, 800 MHz shown lower.
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In this study, we applied a method for quantifying HMOs in HBM using NMR spectroscopy, particularly 
a benchtop NMR spectrometer with a permanent magnet . NMR spectrometers that high-field NMR 
spectrometers using superconducting magnets have been conventionally used for the analysis of HMOs, 
which have the advantage of high sensitivity, high resolution. However, its large size and maintenance such 
as refrigerant supply do not suit clinical use in hospitals and nursing care facilities. Thus, simpler and less 
expensive devices such as benchtop NMR spectrometers are expected to be available. We used a 60 MHz 
benchtop NMR system to determine the presence or absence of 2'-FL and other HMOs. We report on the 
results of the determination of the presence or absence of HMOs, including 2’-FL, and their quantitative 
techniqueds using a 60 MHz benchtop NMR system. 
 
Results and discussion 

Thirty-seven samples of HBM 
obtained from 37 sample donors 
who were hospitalized immediately 
after delivery were analyzed by 
NMR, of which are in Fig. 1 shown 
the representative example. The 
used detection region for both 800 
MHz and 60 MHz were the signals 
from the methyl group for fucosyl 
unit. For 800 MHz NMR, the peaks 
of 2’-FL, 3-FL, and LNFP-I were 
1.249-1.222 ppm, 1.211-1.179 
ppm, 1.255-1.231 ppm, 
respectively. For 60 MHz benchtop NMR, the peaks of 2’-FL, 3-FL, and LNFP-I were 1.37-1.07 ppm, 1.32-
1.05 ppm, 1.39-1.08 ppm.  

Quantitative analysis of each HMO was performed using Chenomx software. Standard sample solutions 
of each HMO were prepared and an in-house database for 800 MHz and 60 MHz NMR spectra was 
constructed. Then, the peaks in the methyl region were separated by manual fitting operations, and 
quantitative analysis of each HMO was performed. For 2’-FL detected by 800 MHz, sample numbers 7, 4, 
13, 34, 9, 14, 10 showed quite low level of concentration of 2’-FL (Fig.2), less than 0.5 mM. For the other 
30 samples, the concentration was between 30 and 5 mM. It was easy to distinguish the secretor and non-
secretor status. 

For 2’-FL detected at 60 MHz, the determination of secretor or not was like that at 800 MHz, with 7 
samples being non-secretor and 30 samples being secretor. For LNFP-I, clear discrimination between secretor 
and non-secretors was possible, even though its absolute concentration was much lower than that of 2’-FL. 
3-FL showed a negative correlation compared with the concentration trends of 2’-FL and LNFP-I. Although 
the enzyme responsible for 3-FL is different from 2’-FL and LNFP-I, its synthetic substrate is common, 
suggesting that competition may be occurring in the synthetic process. 

Comparing the concentration detected by 800 MHz and 60 MHz, all the three HMOs showed a linear 
positive correlation between 800 MHz and 60 MHz. These results indicated that 60 MHz benchtop NMR can 
be applied as a bedside diagnostic technique that can quantify HMOs as well as whether the maternity. 

Fig. 2 The concentration of 2’-FL quantified by 800 MHz and 60 
MHz.  
Quantification result of 60 MHz shown the same result of 
distinguishment of secretor status as 800 MHz. 
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Application of nanodiamond-based polarizing agent for DNP-MAS-NMR to biomolecules 

Ken Kato1, Hajime Tamaki1, Tomoaki Sugishita1, Toshimichi Fujiwara1,2, Yoh Matsuki1,2 
1 Institute for Protein Research, Osaka University 
2 Center for Quantum Information and Quantum Biology, Osaka University 
 

Dynamic nuclear polarization (DNP)-NMR is a method for enhancing the NMR signal intensity by 
transferring the polarization from the electron spin to the nuclear spin. The organic radicals such as nitroxide 
radical are widely used in DNP polarizing agent. However, nitroxide-based polarizing agent rapidly degraded 
due to the strongly reducing environment such as in-cell condition. Novel DNP polarizing agents with high 
reduction resistance are required. Nanometer scale diamond particles have a lot of unpaired electrons from 
surface dangling bonds. These unpaired electrons on nanodiamond are expected to be used as DNP polarizing 
agent in reduction condition due to their high chemical/physical stability. However, it has not been reported 
that DNP-NMR measurements of biomolecule with nanodiamond-based polarizing agent under high 
magnetic field and magic angle spinning (MAS) conditions yet. In this presentation, we will report of ESR 
and DNP-MAS-NMR measurement of nanodiamond in reduction condition and its application to proteins. 
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Fig. 1. Decay profiles of the ESR spectral 
intensity of TEMPOL (black) and nanodiamond 
(gray) at room temperature in the ascorbate 
solution. (Insert; a) Typical ESR spectrum of 
TEMPOL. (Insert; b) Typical ESR spectrum of 
nanodiamond water dispersion.
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Fig. 2. Schematic diagram of nanodiamond binding protein (a), and 
amyloid fibril (b).

Amyloid Fibril

Ligand

Nanodiamond

Protein

Nanodiamond
Chemical 
Synthesis

Chemical 
Synthesis

(a)

(b)

DNP enhancement region

－ 215 －



NMR
 

 
1  
2  
3  

 
Composition optimization based on water-immobility evaluation of biodegradable 
materials using time-domain NMR  
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As the sustainability of the global environment is emphasized, the development of environment-friendly 
materials, such as dealing with the problem of marine plastics, is flourishing. The material parameter space 
is huge, and efficient search is an issue. Time-domain NMR (TD-NMR) provides material property 
information via the complex T2 relaxation curves resulting from multiple mobility. In this study, we used 
TD-NMR to evaluate the binding state of water (water-immobility) in oligomer synthesized with various 
monomer compositions immersed in seawater. We acquired NMR data using various pulse sequences such 
as magic sandwich echo (MSE), double quantum filter (DQ), magic and polarization echo (MAPE) and 
Carr-Purcell-Meiboom-Gill (CPMG). The T2 relaxation curves were separated into two components, water-
bound oligomers, and free water. Machine learning methods such as random forest, generative topography 
mapping regression and Bayesian optimization can explore oligomers with desired water-immobility. 
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Fig. 1. Oligomer composition optimization with desired water-immobility using time-domain NMR. 
(a) MSE, DQ, MAPE and CPMG data were acquired by time-domain NMR. (b) T2 relaxation times were 
separated based on the mobility and water-immobility of oligomers. (c) Random forest and GTMR were 
used to search for important factors from molecular weights, terminal ratios, and molecular descriptors for 
water immobility, and Bayesian optimization was used to optimize compositions. 
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3.1 T2  
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(Fig.2)

 (Fig.2a)  
 

 
(Fig.2b)  

 
3.2  

 
Fig. 3. Exploring important factors of highly water-immobile oligomers by random forest. 
Using random forest, we calculated the importance of oligomer composition, terminal ratio, molecular 
weight (a), and T2 relaxation curve of MSE (b) with water immobility as the objective variable. 

 
Fig. 2. Calculation of the ratio of hard and water bound phases of oligomers. 
The fraction of hard phase (a) and water bound phase (b) of oligomers was calculated. 
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Fig. 4. Exploring important factor of highly water-immobile oligomers by generative topographic 
mapping regression. 
Using GTMR, we mapped the data space (a), predicted T2 relaxation curves (b), molecular descriptors of 
RDKit (c), and oligomer composition (d) using water immobility and composition as objective variables. 

 

Fig. 5. Optimization of highly water-
immobile oligomer composition by Bayesian 
optimization. 
The higher the expected value, the higher the 
measured value. 
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Applying partial least squares regression to T2 relaxation curves for predicting the 
crystalline form content of active pharmaceutical ingredient in physical mixtures

Kotaro Okada1, Yuya Chiba1, Yoshihiro Hayashi2, Shungo Kumada2, Yoshinori Onuki1

1 Laboratory of Pharmaceutical Technology, School of Pharmacy and Pharmaceutical Sciences, University 
of Toyama
2 Nichi-Iko Pharmaceutical Co., Ltd.

This study applied partial least squares (PLS) regression to nuclear magnetic resonance (NMR) relaxation 
curves to quantify the free base of an active pharmaceutical ingredient powder. We measured the T2 relaxation 
of intact and moisture-absorbed physical mixtures of tetracaine free base (TC) and its hydrochloride salt 

T2 relaxation curves were analyzed by PLS regression. The entire measured whole 
of the T2 relaxation curves was used as input variables and analyzed by PLS regression to quantify the content 
of TC in the moisture-
obtained PLS model exhibited acceptable coefficients of determination and relatively low root mean squared 
error values for calibration and validation data. The statistical values confirmed that an accurate and reliable 
PLS model was created to quantify TC in even moisture- -top low-field 
NMR instrument used to apply PLS regression to the T2 relaxation curve may be a promising tool in process 
analytical technology.

NMR
T2

1,2 T2

T2

partial least 
squares PLS T2

PLS
T2

T2

Fig. 1. Chemical structure of
tetracaine free base (TC).
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Fig. 2. (a) T2 relaxation curves of moisture-absorbed physical mixture (PM) of tetracaine (TC) and 

by partial least squares on (VIP) values of input 
variables of the PLS models to determine TC content. Input variables correspond to the 
acquisition time of T2 relaxation curves.
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Structure and degradation process of an ethylene ionomer investigated by solid-state 
NMR and ESR 

Shohei Mikage1, Chikako T. Nakazawa1, Atsushi Asano1 
1 Department of Applied Chemistry, National Defense Academy  
 

Annealing effect of Na+ cation on structure and degradation of ethylene ionomers was investigated by the 
high-resolution solid-state 13C NMR and ESR. The 13C CPMAS NMR and T1C experiments showed that the 
regularity of the orthorhombic crystal is improved and that the crystallinity increased after annealing at 65°C. 
The temperature-dependent 13C NMR spectra showed that the peak intensity decreases with temperature 
(beyond 55°C) and disappeared at 86°C, while the orthorhombic crystal remains at the temperature. The 13C 
CPMAS NMR spectra after heat-treatment at 200°C showed the appearance of new signals assigned to 
various esters with heating period. The ESR spectra detected that the radicals increase significantly with 
degree of neutralization. The expected thermal degradation process was discussed from both peak changes 
of NMR and ESR.  
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EMAA EMAA-54Na 13C CPMAS NMR
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Fig. 1. Observed DSC spectra of 
EMAA and EMAA54-Na before and 
after annealing. 

Fig. 2. Observed and expanded solid-state 13C CPMAS 
NMR spectra for CH2 region of EMAA and EMAA-54Na 
before and after annealing. 
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Fig. 3. Observed and simulated 13C CPMAS NMR spectra expanded in the carbonyl region of (A) EMAA 
and (B) EMAA-54Na before and after heat treatment. 

 

Fig. 4. ESR spectra of EMAA, EMAA-30Na, and EMAA-
54Na heated at 200 . 
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Fig. 5. Spin quantity obtained from peak fitting against the heating period for EMAA (A) and EMAA-
54Na (A). 

 
Fig. 6. Expected radical formation reaction for EMAA 
(A) and EMAA-54Na (B). 
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Study on selectivity and exchange processes of cations binding to G-quadruplex  

Teramura Takuo1, Kenji Kanaori1 
1 Department of Functional Chemistry, Kyoto Institute of Technology   
 

G-quadruplex is a non-canonical structure formed by the folding of G-rich DNA strands. The G-
quadruplex has cation binding sites of Na+ and K+, between the G-quartet planes, and takes different 
topologies depending on the cations. In this study, we used 15NH4+ with Na+ or K+ to analyze the selectivity 
and affinity of the cations to the binding sites of human telomeric G-quadruplex by chemical exchange 
cross peaks in the NOESY spectra. High 15NH4+ affinity binding site exists in the Hybrid-1 type of the G-
quadruplex, determined by NOEs between 15NH4+ and imino protons, and there is difference in the cation 
selectivity and affinity between the cation binding sites. 

DNA (G)
G G G

Na+ K+

DNA Tel26 d[AAAGGG(TTAGGG)3AA] 2
Na+ Basket G Tel26-2Na+ 2 K+

Hybrid-1 G Tel26-2K+ 1 Fig. 1
G G 2 A- and 

B-site in Fig. 1
G G

Na+ K+

15NH4+ G NOESY
2  

 
, ,  

 
 

  
Fig. 1: Hoogsteen hydrogen bonds of G-quartet and schematic structures of G-quadruplex. 
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Fig. 3: Schematic diagram interconversions
between Na+ and NH4+ of Hybrid-1-type
G-quadruplexes.

Fig. 2: Imino regions of 1H NMR spectra of Tel26 in Na+

solution in titration experiment of K+ at 298 K.
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Automation of external calibration quantitative NMR (EC-qNMR) based on Q value and 
its accuracy of the quantitative values 

Yuzo Nishizaki1, Kyoko Ishizuki1, Hironobu Yoshimura2, Shinya Matsukuma2, Katsuo Asakura3, 
Takako Suematsu2, Naoki Sugimoto1 
1 National Institute of Health Sciences  
2 JEOL RESONANCE Inc. 
3 JEOL Ltd. 
 

Quantitative NMR (qNMR) is a highly regarded analytical methodology for purity determination. This 
methodology has two approaches: internal and external calibration (IC-qNMR and EC-qNMR). Of the two 
approaches, to obtain accurate quantitative results with EC-qNMR, 90° pulse width (pw90) calibration is 
necessary before qNMR measurement for each sample. To solve the problem of constraining the operator 
in front of the NMR instrument for the pw90 calibration, we developed a script that fully automates EC-
qNMR according to the method conditions set by the operator: “pw continuous measurement determining 
pw90” “qNMR measurement applied the calibrated pw90”. This poster presents the details of the script 
and the accuracy of quantitative results for EC-qNMR employing the script. 
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Fig. 1 Spectrometer behavior when performing 
EC-qNMR employing the script. The sample is 
1.0 mg/mL dimethylsulfone in DMSO-d6. The 
spectrometer was JNM-ECZ600R/S1 (600.67 
MHz) equipped cryogenic UltraCOOL (CH) 
probe regulated at 25 °C.
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Temperature-dependent of the gas diffusion properties in syndiotactic polystyrenes 
containing various crystal phases by PFG NMR 

Hiroaki YOSHIMIZU 
Field of Soft Materials, Life Science and Applied Chemistry Program,  
Graduate School of Engineering, Nagoya Institute of Technology  
 
Alpha and mesophase crystalline phases containing syndiotactic polystyrene samples were prepared, and a 
magnetic field gradient pulse NMR method was applied to investigate the temperature dependence of the 
self-diffusion coefficient of the gas in the system.  From the observed data in this study, some unique gas 
transport properties of crystals of syndiotactic polystyrene were pointed out. 
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Fig. 1 Permselectivity of O2 and N2 vs. temp. 
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Fig. 2 Arrhenius plots of self-diffusion coefficient of the CH4 and n-C4H10 in SPS samples. 
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Structural insights into the inhibitory mechanism of transcription factor FOXO3a  
by 14-3-3  

Tomoya Kuwayama1, Shoichi Nakatsuka1, Mariko Yokogawa1, Kosaku Kawatsu1, Risa Nakamura1, 
Tomomi Kimura1, Mikio Tanabe2, Toshiya Senda2, Jun Saito3, Hideyuki Saya3, Masanori Osawa1 
1 Grad. Sch. Pharm. Sci., Keio Univ. 2 Structural Biology Research Center, IMSS, KEK 
3 Grad. Sch. Med., Keio Univ. 
 
FOXO3a is a transcriptional factor that induces expression of apoptosis-related proteins. In cancer cells, 
FOXO3a is phosphorylated and bound by an adaptor protein, 14-3-3 , dissociating from target DNA. This 
decreases its transcriptional activity, and results in the suppression of apoptosis of cancer cells that leads to 
malignancy of the cancer. However, previous studies of us and others show the binding affinity of the 
phosphorylated FOXO3a for DNA is comparable to that for 14-3-3 . Therefore, it remains elusive how 14-
3-3  effectively dissociates FOXO3a from DNA. In this study, we have analyzed the interaction mode 
between 14-3-3  and phosphorylated FOXO3a by chemical shift perturbation and proposed a mechanism of  
FOXO3a dissociation from DNA by 14-3-3 .    
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Measurement of J coupling constants related to the hydroxyl protons and the dihedral 
angles estimation 

Haruka Fujimura1, Hiroaki Utsumi1, Hiroaki Sasakawa1 
1 JEOL RESONANCE Inc. 
 

The hydroxyl proton signals of sucrose are difficult to be detected by the standard NMR measurement 
condition, however it is known that those are observed in the mixture of water and acetone-d6 solution at low 
temperature. Since the conformation of sucrose in aqueous solution is considered to be affected by the 
hydrogen bond surrounding the hydroxy group, it would be beneficial for structure analysis to investigate its 
dihedral angle including hydroxy group. In this study, we evaluated the optimal methods for the J coupling 
constants measurement related to the hydroxyl protons, and estimated the dihedral angles, H-C-O-H and C-
C-O-H, from the J coupling constants.       

NMR
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Fig. 1. Sucrose 

 
Fig. 2. 1H spectrum with Perfect Echo 
WATERGATE 
50 mM sucrose in the water and 
acetone-d6 solution at -20dC, collected 
by JNM-ECZL500R. 
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Fig. 3. Constant Time DQF-COSY and ECOSY 
These spectra were collected by JNM-ECZL500R. 
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Fig. 4. Newman projection at  
2-position of Glucopyranose  
NOE correlation between proton 
and hydroxyl proton at 2-position 
of Glucopyranose was observed. 
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NMR analysis of DNA aptamers containing artificial base Ds against VEGF165 
Tomomi Nagahama1, Tatsuhiko Someya2, Taiichi Sakamoto1 

1 Chiba Institute of Technology  
2 TAGCyx Biotechnologies Inc. 
 

Aptamers are nucleic acid molecules that show high affinity to target molecules, and these can be obtained 
by the method called SELEX. The aptamers containing artificial base 7-(2-thienyl) imidazo [4,5-b] pyridine 
(Ds) were reported by Dr. Hirao, and are being developed as aptamer therapeutics (Xenoligo®) by TAGCyx 
Biotechnologies Inc.. In this study, we performed NMR analysis of the aptamer TAGX-0001_49 that contains 
Ds. The broadening of Ds signals upon binding to the target protein VEGF165 indicates that Ds is involved 
in the VEGF165 binding.  
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Fig. 2 Inhibition of VEGF165  
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Fig. 3 Secondary structure of the aptamers 
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Analysis of amyloid-beta isoform interactions using solid-state NMR 

Ryo Oyadomari Isamu Matsuda Takayuki Kamihara Takaya Ishiguro and Yoshitaka Ishii  
1 Department of Life Science and Technology, Tokyo Institute of Technology, Yokohama, Japan 
2 Advanced NMR Development & Application Team, BDR Center, RIKEN, Yokohama, Japan 
 

Misfolded -amyloid (A ) is a peptide that is believed to prompt the onset of Alzheimer's disease (AD). 
There are two main isoforms in the human brain, 40-residue A 40 and 42-residue A 42. Because A 42 has 
higher propensity to form amyloid fibril than A 40 and because misfolding of A 42 is widely believed to 
trigger AD, A 42 fibrils and A 40 monomers are likely to coexist in the brain at an early stage of AD. In 
this study, we focused on the interaction between A 40 monomer and A 42 fibril and analyzed it using 
solid-state NMR (SSNMR). We performed SSNMR analysis on samples obtained by incubating 13C 
isotope-labeled A 40 monomers with unlabeled A 42 fibers. The results showed that SSNMR analysis can 
detect structure changes and -sheet formation of A 40 upon interaction with A 42 fibrils. 
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Analysis of base pair opening/closing dynamics of DNA triplex structure under 
molecular crowding environment using relaxation dispersion experiments

Tomoki Sakamoto1,2, Yudai Yamaoki1,2, Takashi Nagata1,2, Masato Katahira1,2 

1 Institute of Advanced Energy, Kyoto University
2 Graduate School of Energy Science, Kyoto University

The formation of DNA triplex structure is reportedly involved in Friedreich's ataxia. Inside the living cell is a 
molecular crowding environment and the behavior of DNA in such environments is thought to be different from 
that in dilute solution environments. In this study, we conducted the imino proton-water proton exchange 

the cell-mimicking environments reconstructed by crowding reagents, Ficoll 70 and PEG 200. The obtained 
imino proton exchange rates indicated that the base pairs in triplex structure are stabilized by Ficoll 70, and are 
destabilized by PEG 200. and 
closing dynamics of DNA triplex structure in a molecular crowding environment is indeed different from that 
in a dilute solution environment. Our study may contribute to an understanding of the stability and dynamics of 
triplex structure in the molecular crowding environment such as inside the living cells.

DNA
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DNA

DNA
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UV CD

DNA
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Fig. 1. The sequence and secondary 
structure of PT-ODN.
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Fig. 2. The representative  
k1H values for PT-ODN in
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In-situ structure determination of linear diubiquitin by in-cell NMR spectroscopy 

Yoshihiro Yabu1, Ryoma Tagishi1, Hajime Kamoshida1, Tsutomu Mikawa2, Kousuke Inomata1,  
Teppei Ikeya1, and Yutaka Ito1 
1Department of Chemistry, Tokyo Metropolitan University  
2RIKEN Center for Biosystems Dynamics Research 
 

Linear polyubiquitin, in which the carboxyl group of a ubiquitin monomer (Ub) is covalently bound to the 
-amino group of another Ub, contributes specifically to the regulation of the NF-kB pathway that is crucial 

for inflammation and immune regulation [1]. The 3D structure and dynamics of linear-polyubiquitin may be 
important for the regulation of a wide range of NF-kB signalling. X-ray crystallography of linear-diUb, in 
which two Ub domains are connected between the C- and N-terminus, has demonstrated two different states: 
closed and opened forms upon relative distances of two Ub domains [2,3,4]. On the other hand, FRET, SAXS, 
and MD analyses of linear-diUb in solution have reported a semi-close state that is different from the closed 
and opened states in crystal [5,6], and solution NMR suggested that linear-diUb is in a conformational 
equilibrium between the open and semi-close forms. In this study, we show the 3D structure of linear-diUb 
in situ by applying in-cell NMR techniques with PREs and PCSs and multi-state structure calculation. 

linear diubiquitin linear-diUb ubiquitin Ub 76 2
, Ub

linear polyubiquitin NF-kB
[1] NF-kB linear polyUb

linear polyUb linear-diUb X
Ub close open 2 [2,3,4]

FRET SAXS MD semi-close [5,6]
NMR open semi-close

in-cell NMR
linear-diUb

Pseudo-contact Shift (PCS)
Paramagnetic Relxation Enhancement (PRE)

multi-state  
 
In-cell NMR NMR  
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Fig.1 1H-15N SOFAST-HMQC spectrum of 15N-
labelled linear-diUb in HeLa cells.

Fig.2 (a) and (b), some 1H-15N correlation 
peaks exhibiting apparent chemical shift 
differences between in vitro (black) and 
in cells (grey). (c), residues showing 
distinct chemical shift changes (black) 
mapped onto a ribbon model of the 
crystal structure of linear diUb (2W9N).

(a) (b)

(c)
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Helical structure populations estimated from chemical shifts
Yuuki Yanagida1, Kiyomi Yoshida1, Kazuo Fujiwara1, Masamichi Ikeguchi1

1 Department of Biosciences, Graduate School of Science and Engineering, Soka University
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CHIBL F is a fragment of -lactoglobulin corresponding to the residues 97-142. It has a disulfide bond 
(Cys106-Cys119) and forms -helices in 98-107 and 114-135 regions. It has been shown that the helices are 
destabilized when the disulfide bond is cleaved. From this result, we assumed that the loop formation by a 
disulfide bond reduces the number of conformations that can be taken by the peptide chain in the loop and 
facilitates the nucleation of the -helix. To confirm this hypothesis, we constructed three derivatives of 
CHIBL F in which one, three, seven Gly residue(s) was(were) inserted between the residue 109 and110. We 
calculated the fractional populations of -helices formed in these model peptides from secondary chemical 
shifts. The results showed that the fractional populations decreased with increasing the number of inserted 
residues and supported our hypothesis.

Introduction
- pH, 

CHIBL (core of the helical intermediate of -lactoglobulin)
[1] CHIBL F-strand CHIBL F

(Cys106-Cys119) 98-107 114-135
[2]

1)
2)97-110 111-138

3) 2

[2]

CHIBL F ( G0 ) 109 110 1
3 7 Gly 3 (G1 G3 G7) (CD)

NMR

,

, ,

114

97

142

Fig.1 CHIBL F
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Methods
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Fig. 3 Helical fraction ( 2D)

Fig.2 CD spectra

Fig. 4 ncSPC score
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Figure 1: X-ray structure 

of wild type TTR. 
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Figure 2: Temperature dependence of (a) Gº and (b) V in 

pressure denaturation of rWT ( ) and rV30M ( ).
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Structural analysis of GRP allergens from European cypress and Japanese ceder pollen 

Tomona Iizuka1, Jingkang Zheng1, Hiroyuki Kumeta2, Yasuhiro Kumaki1, Ami Hanaoka1, Ichiho 
Yoshikawa1, Yurie Nakajima1, Soma Ishihara1, Yomoyasu Aizawa2 
1 Graduate School of Life Science, Hokkaido University  
2 Faculty of Advanced Life Science, Hokkaido University 
 
GRP (gibberellin-regulated protein) allergens from Cupressaceae pollen are cross-reactive with certain fruit 
GRP allergens, causing pollen food allergy syndrome (PFAS). Structural analysis is important for elucidating 
the mechanism of PFAS because the similarity of conformation contributes to cross-reactivity. In this study, 
we carried out overexpression and three-dimensional structural analysis of Japanese cedar (Cryptomeria 
japonica) and European cypress (Cupressus sempervirens) GRP. An isotope-labeled sample was prepared 
using Pichia pastoris and subjected to NMR three-dimensional structural analysis. As a result, the three-
dimensional structure of the pollen GRP allergen was determined for the first time, revealing a stable structure 
in which six disulfide bonds are preserved. We compared the structure of peach GRP, which causes PFAS, 
and examined the causes of cross-reactivity and differences in allergenicity.  

(Cryptomeria japonica)
(Cupressus sempervirens)
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Fig. 1. Multiple sequence alignments of GRP allergens
Sequence alignment of GRP allergens of cedar, cypress, peach, pomegranate, and orange. Cysteines forming 

disulfide bonds are connected by lines.

Fig. 2. Determined 3D structure 

of Cup s 7
Residues with high epitope 

prediction scores in DiscoTope 2.0 

are represented in dark gray color.
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Molecular Motion and Local Structure of Proton Conducting Alginic Acid/2-
Alkylimidazole Composites

Nanaka Hosoe1, Takuya Kurihara1, Yasuhiro Shigeta2, Shogo Amemori2, Tomonori Ida1, Motohiro
Mizuno1,2

1 Graduate School of Natural Science and Technology, Kanazawa University
2 NanoMaterials Research Institute, Kanazawa University

Alginic acid (AA) /imidazole (Im) composites have been reported as solid electrolytes with high proton 
conductivity at high temperatures [1]. The reorientational motion of Im is considered to enable efficient 
proton conduction. However, the molecular motion of Im has not been clarified, the knowledge about it is 
expected. In this study, AA/Im and AA/2-alkylimidazole (AlkIm) composites were used. We investigated 
the relationship between the proton conductivity and molecular motion by using solid NMR. At low 
temperatures, AA/Im showed higher proton conductivity than AA/AlkIm. AlkIm molecules are stationary, 
but Im molecule is in 180° flip motion at room temperature. Such a difference in the motility of proton carrier 
molecules is thought to affect proton conductivity.

100 (Im)
Im (AA) AA-xIm (x AA

Im ) [1] AA-xIm Im
( ) Im

Im 2 Im (AlkIm) AA AA-
xAlkIm 4 AlkIm (Fig 1

(MeIm) (EtIm)
(PrIm) (BuIm)) Im

2H NMR

NMR

Fig. 1. Structure of alkylimidazoles.
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Fig. 3. Temperature dependence of 2H NMR spectra for (a) AA-1Im, 
(b)AA-1PrIm, (c) AA-1BuIm. Black lines show simulation spectra.

(a) (b) (c)

Fig. 2. Temperature dependence of 
proton conductivity.
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An in-cell NMR study of the Keap1-Nrf2 system 
Mei Toyoda1, Kohsuke Inomata1, Shiori Suehiro1, Kaito Shima1, Teppei Ikeya1, Takafumi Suzuki2, 

Masayuki Yamamoto2,3, and Yutaka Ito1 
1 Department of Chemistry, Tokyo Metropolitan University; 2 Department of Medicine, Tohoku University; 

3 Tohoku University Tohoku Medical Megabank organization 
 

The Kelch-like ECH-associated-protein 1 (Keap1) – NF-E2-related factor 2 (Nrf2) system is central to 
mammalian cellular protection against electrophiles and oxidative stress and is a drug target for disease 
prevention and treatment. Previous studies have proposed the two-site substrate recognition model for the 
Keap1-Nrf2 system, known as “Hinge-Latch model”. The Keap1-Nrf2 interaction is known to be altered 
under “non-stress” or “stress” condition, but the mode has not been examined in detail in intracellular 
environment. Aiming at understanding the Hinge-Latch model in detail in living cells, we have initiated in-
cell and in-diluted solution NMR studies. In-cell NMR spectroscopy is currently the only approach that can 
provide information of protein behaviours inside cells at atomic resolution. In addition to human cultured 
HeLa cells, we employed some cell lines with disease background as host cells. 
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Fig. 1 2D 1H-15N SOFAST-HMQC spectra of Nrf2-Neh2-WT (a) and Nrf2-Neh2-R7 (b) in HeLa cells in the 
presence of a proteasome inhibitor MG-132.
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Analysis of the kissing-loop structure in HCV genomic RNA 

Megumi Tomemori, Gota Kawai 
Chiba Institute of Technology 
 

Interactions between RNAs are known to have important functions. In hepatitis C virus 
(HCV), the kissing-loop interaction between the 5B-SL3.2 site at the 3' end of the NS5B gene 
and the Xtail-SL2 site in the 3' untranslated region is known to be involved in translational 
regulation in the life cycle of HCV. In the present study, the interaction between the model 
RNAs, 5BSL26 and XSL27 were analyzed by NMR. The solution structures of model RNAs 
were determined individually, and, then, the formation of the complex was analyzed. It was 
found that the stem structures in each RNA were retained in the complex, and the formation of 
inter-molecular stem were confirmed by the analysis of imino proton signals. 
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Fig. 1. Possible interaction between 5BSL26 and XSL27 
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Fig. 4. NOESY spectrum of the complex.  Fig. 3. Imino proton spectra of RNAs.
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Optimization of sample preparation and structural analysis in the research of brain-
derived A 42 fibrils using solid-state NMR 

Hibiki Terami1, Yoshiki Shigemitsu1, Isamu Matsuda1, Yoshitaka Ishii1.2 

1 Department of Life Science and Technology, Tokyo Institute of Technology 
2 Laboratory for Advanced NMR Application and Development, BDR, RIKEN 
 

Alzheimer's disease (AD) is the most prominent form of dementia and has become a social problem as the 
population ages. Misfolded amyloid-  (A ) peptides accumulated in a brain as senile plaques are considered 
to be a primary cause of AD. The major isoforms of A  in the brain affected by AD are 40-residue A 40  
and 42-residue A 42, and A 42 is considered to be more toxic than A 40. In our group, we aim to compare 
structures of A 42 fibrils using the fibril fragments derived from minimal amount of several AD patients' 
brain tissues as seeds by sensitivity-enhanced 1H-detecetd solid-state NMR. In this presentation, we conduct 
experiments to optimize fibril extraction from brain tissue using animal brain tissue and synthetic A 42 fibrils. 
We will discuss possible structural changes of A 42 fibrils during the extraction process and the optimization 
of sample preparation methods, focusing on the structure of synthetic A 42 fibrils. 
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NMR descriptor extraction oriented to sustainable polymer material design 
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The commercial products we use in our daily lives have a wide variety of polymer materials, and it is 
essential to understand their physical and chemical properties to design confortable usage in human society. 
In this study, we attempted to extract relationships between physical properties and time-domain (TD)-
NMR relaxation curve data of multiple kinds of polymer materials. The relaxation curves and their PCA 
showed the large variation of the strength in the initial stages of relaxation time within across polymer 
types, suggesting that polymer structure and chemical properties affected physical properties. 
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Figure. 1 (A) Relaxation curves of biodegradable polymers, resins, and rubbers, (B) PC1 and PC2 plots 
highlighted by different materials, (C) Loading of PC1 and PC2.
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Metabolism and meat quality analysis of closed circulation land-based fish by NMR 

Aimi Maruhashi1, Daiki Yokoyama3, Kenji Sakata3, Kei Terayama2, Jun Kikuchi2,3,4 
1 Department of Medical Life Science, Yokohama City University  
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The denitrification process is a key metabolic factor for water circulation systems in land-based 
aquaculture. We analyzed the impact of Poly butylene succinate-co-butylene adipate (PBSA) filter media 
toward fish metabolism and fish meat quality using NMR, comparing the fecal and muscle metabolome of 
Epinephelus coioides between the tanks equipped with commercial filter media and those with PBSA filter 
media. 
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Fig. 2. Measurement of T2 relaxation time curve of 

fish muscle metabolome by TD-NMR.
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Fig. 1. Principal component analysis of fish muscle 

metabolome.
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Amplification of the specific conformational fluctuation of proteins by site-specific 
mutagenesis and hydrostatic pressure: Outer Surface Protein A  

Soichiro Kitazawa1, Takuro Wakamoto2, Junya Yamamoto3, Reina Koide3, Ryo Kitahara1 
1 College of Pharmaceutical Sciences, Ritsumeikan Univ. Japan 
2 Graduate School of Life Science, Ritsumeikan Univ. Japan 
3 Graduate School of Pharmacy, Ritsumeikan Univ. Japan 
 

Conformational fluctuation is crucial to protein function. Outer surface protein A (OspA) is comprised of 
N- and C-terminal globular domains linked by a central single-layer- -strand. Solution nuclear magnetic 
resonance (NMR) studies have shown that the central -strand and C-terminal domain, containing receptor-
binding site, are less stable than the N-terminal domain and partially disordered, indicating a presence of the 
intermediate state between the native folded state and completely unfolded state. In the previous study, we 
suggested that partial disordering is advantageous for the receptor recognition because the binding site of 
OspA is exposed to solvent. Herein we demonstrate that ampli cation of a speci c conformational uctuation 
by pressure perturbation and site-speci c mutagenesis. The salt-bridge-destabilized variant E160D and the 
cavity-enlarged variant I243A favored the intermediate. The proportion of the intermediate is almost 100% 
in E160D at 250 MPa. Strategies using a suitably chosen point mutation with high pressure are generally 
applicable for amplification of specific conformational fluctuation and potentially improve our understanding 
of the high-Gibbs free energy conformations of proteins.  

Outer surface protein 
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Fig. 1. Pressure-induced changes in the 
maximum wavelength of fluorescence for WT* 
( ), E160D ( ), and I243A ( ) at 313 K. 

 
Fig. 2. Pressure-induced changes in the peak 
intensity of OspA E160D variant. Peak intensities 
(volumes) in 1 7 (A), 8 (B), and 9 21 (C), 
normalized to those at 0.1 MPa, were plotted as a 
function of pressure. Open circles indicate average 
values at different pressure conditions(C). (D) 
Mapping of residues onto the crystal structure (PDB-
ID1OSP, blue, increasing peak intensity or 
unperturbed by pressure; red, losing intensity by 
pressure; gray, no data or peak-overlap). 
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NMR structural analysis of integral endoplasmic reticulum protein VAP-B and VAP-B-
FFAT motif complex 

Wataru Togawa1, Kyoko Furuita2, Naohiro Kobayashi3, Toshimichi Fujiwara2, Chojiro Kojima1,2 
1 Graduate School of Engineering and Science, Yokohama National University 
2 Institute for Protein Research, Osaka University 
3 RIKEN, RIKEN Spring-8 Center 
 

VAMP-associated protein (VAP), which is a transmembrane protein mainly localized in the endoplasmic 
reticulum, is involved in intracellular functions by interacting with various proteins located in the organelle 
membrane or cell membrane. The major sperm protein (MSP) domain on the N-terminal side of VAP is the 
main interaction region. In mammals, there are two types of VAPs, VAP-A and VAP-B, and the T46I and 
P56S mutations in the VAP-B MSP domain are thought to be associated with familial amyotrophic lateral 
sclerosis (fALS)2,3. Therefore, understanding the structure and dynamics of the VAP-B MSP domain 
comparing to VAP-A is important in elucidating the mechanism of ALS onset and developing therapeutic 
methods. In this study, we analyzed the three-dimensional structure of the human VAP-B MSP domain and 
VAP-B-FFAT motif complex by using solution NMR.  
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Figure 1 The solution structure of VAP-B MSP 
domain
Superposition of 10 energetically stable structures 
obtained from CYANA calculation. RMSD 
0.59±0.12 

Figure 2 NMR titration experiment
Molar ratios (VAP-BMSP : OSBP FFAT) 1:0 (blue), 
1:0.75 (red), 1:2 (green)
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DNP-NMR Analysis of Molecular Adsorption of Alkyl Sulfosuccinates on Octadecylsilyl 
Silica Surface

Hisamu Sasahara1, Katsuaki Suzuki2, Satoru Okamura1, Keita Aono1, Furitsu Suzuki1 and Hironori Kaji2

1 Kao Corporation, 1334 Minato, Wakayama 640-8580, Japan
2 Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan

Sodium bis(2-ethylhexyl)sulfosuccinate (2EH) is known to have excellent wetting properties among 
various surfactants. The adsorption state of 2EH on hydrophobic octadecylsilyl (ODS) silica particle 
surface was investigated by DNP-NMR. By mixing 2EH and ODS silica, a downfield shift was observed
for the signals in the high-field (55-80 ppm) region and a change in the signal intensity ratio in the low-
field (160-180 ppm) region. These changes should be attributed to the enhanced signal of the surface of 
ODS silica by DNP-NMR. Thus, 2EH could be formed a different association state on the surface of ODS 
silica than in the bulk.

1

DNP-NMR (2- )
(2EH)

(Fig. 1) (ODS)

2EH

DNP-NMR 30 mL 20 mM 1 h ODS 30
mg 1 h

20 mM Amupol in D2O/H2O(9/1) NMR

DNP-NMR Solid State Surfactant

Fig. 1. Molecular structures of alkyl 
sulfosuccinates used in this study.
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Fig. 3. 13C CP/MAS spectra of (A) 2EH+ODS-silica 
with DNP, (B) 2EH+ODS-silica without DNP, (C) 2EH 
without DNP and (D) ODS-silica without DNP.
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Fig. 2. DNP-NMR spectra of ODS-
silica adsorbed with 2EH. Black:
MW=on. Gray: MW=off.
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DFT Calculations for Concentration Changes in Heavy-Element Chemical Shifts: 
Manifestation of Electron Spin Density in Observed Nuclei Based on Relativistic Effects 

Yoshimitsu Asakura1, Daisuke Kuwahara1, Naoya Nakagawa1 
1 Department of Applied Physics, Graduate School of Informatics and Engineering, The University of 
Electro-Communications 
 
The NMR chemical shifts for monatomic cations ionized from salt in aqueous solutions often change with 
the solution concentration. These changes are referred to herein as dilution–concentration (dc) shifts. We 
calculated the dc shifts for various cations in aqueous nitrate solutions of elements in periods 5 and 6 by the 
DFT method based on the spin–orbit ZORA Hamiltonian. Furthermore, the electron spin densities of the 
cations in aqueous nitrate solutions under an external magnetic field were calculated using the 
matrix/modified Dirac–Kohn–Sham Hamiltonian. We succeeded in clarifying how the dc shifts occur on the 
hydrated ions of heavy elements. 
 

   (1) 

 
 

 

P65

－ 280 －



References  
(1) Y. Asakura, D. Kuwahara, N. Nakagawa, Journal of Computer Chemistry, Japan -International Edition 

2022, 8, 2021. 

 
Fig. 1. Calculated dc shifts for monoatomic cations in aqueous 
nitrate solutions of elements in periods 5 and 6, excluding most 
of the transition elements.[1] 

 
Fig. 2. Fermi contacts between the nuclei of metal ions and spin-polarized 
electrons in aqueous nitrate solutions.[1] 
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Activation mechanism of the -opioid receptor by an allosteric modulator 

Shun Kaneko1, 2, Shunsuke Imai2, Nobuaki Asao1, 2, Yutaka Kofuku2, Takumi Ueda2, Ichio Shimada1 
1 RIKEN Center for Biosystems Dynamics Research  
2 Graduate School of Pharmaceutical Sciences, The University of Tokyo 
 

The allosteric modulators, which bind to nonorthosteric sites to enhance the signaling activities of G-
protein-coupled receptors (GPCRs), are new candidates for GPCR-targeting drugs. Our solution NMR 
analyses of the -opioid receptor (MOR) revealed that the MOR activity was determined by a conformational 
equilibrium between three conformations. Interestingly, an allosteric modulator shifted the equilibrium 
toward a conformation with the highest activity to a level that cannot be reached by orthosteric ligands alone, 
leading to the increased activity of MOR. Our NMR analyses also identified the binding site of the allosteric 
modulator, including the residues contributing to the regulation of the equilibrium. These findings provide 
insights into the rational developments of novel allosteric modulators. 
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 [1] Shimada I, Ueda T, Kofuku Y, Eddy MT, and Wüthrich K. (2019) GPCR drug discovery: integrating 
solution NMR data with crystal and cryo-EM structures. Nat. Rev. Drug Discov. 18(1):59-82. 
 [2] Kaneko S, Imai S, Asao N, Kofuku Y, Ueda T, and Shimada I. (2022) Activation mechanism of the -
opioid receptor by an allosteric modulator. Proc. Natl. Acad. Sci. U.S.A. 119(16):e2121918119. 

Fig. A. 1H-13C HMQC signals from M283 of MOR or N152A variant in the antagonist naloxone-bound, 
the partial agonist morphine-bound, and the full agonist DAMGO-bound states, in the absence and 
presence of the allosteric modulator BMS-986122. N152A variant has higher activity than parental MOR. 
Fig. B, C. Models of function-related conformational equilibrium of MOR in the full agonist DAMGO-
bound state (B) and the DAMGO-bound state in the presence of BMS-986122 (C). 
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Solution NMR analysis reveals different binding modes on the interaction between a 
human multi-domain protein GRB2 and human SOS1-PRMs

Keita Tateno1, Haruka Sugasawa1, Takami Ando1, Maako Tabata1, Tsutomu Mikawa2, Kohsuke Inomata1, 
Masatsune Kainosho1, Masaki Mishima1,*, Yuji Sugita3, Teppei Ikeya1, and Yutaka Ito1

1Department of Chemistry, Tokyo Metropolitan University; 2RIKEN Center for Biosystems Dynamics 
Research; 3Theoretical Molecular Science Laboratory, RIKEN; *Present address: School of Pharmacy, 
Tokyo University of Pharmacy and Life Sciences

Human GRB2 is one of the key mediators in the MAPK signal pathway and transmits a signal from 
a receptor Tyr kinase on the transmembrane to SOS1, a RAS guanine nucleotide exchange factor (GEF). 
Recent studies show that GRB2 is also a major component for liquid-liquid phase separation (LLPS) in 
the MAPK signalling by acting as a scaffold for other proteins. While the interactions among two SH3 
domains of GRB2 and ten putative proline-rich motifs (PRMs) in the disordered region of SOS1 are thought 
to be crucial for the LLPS formation, its molecular recognition mechanism has not yet been revealed 
experimentally. We therefore investigated the structural basis of the GRB2-SOS1 interaction by NMR 
titration experiments of GRB2 with SOS1-derived proline-rich peptides as well as the whole disordered 
region of SOS1 containing all PRMs. Docking simulation based on the experimental data was also performed. 
Our results suggest that the two SH3 domains of GRB2 and ten putative PPMs of SOS1 interact with different 
binding affinities and yield complex networks in condensed droplets. 

GRB2 3 NSH3-SH2-CSH3
GRB2

MAPK
RAS GEF

SOS1 GRB2 2 SH3
SOS1 C proline rich 

motifs PRMs SOS1
PRM 10 S1-S10 [1]
GRB2-SOS1

FFig.. 1
GRB2 SOS1 LAT linker for 

activation of T cells 3 LLPS

___________________________________________________________________________________
LLPS

Fig. 1 A schematic illustration of the
putative model on the molecular interaction 
in the LLPS formation via GRB2 and SOS1
proline rich motifs (PRMs). The S1-S10 
represent PPMs. The boxes surrounded by 
bold lines indicate PPMs used as SOS1-
derived peptides in this study. 
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Fig. 3 Intensity ratios from NMR titration 
experiments of 15N-GRB2 with SOS1 C-
terminal disordered region. Unassigned residues 
are shown in grey. GRB2:SOS1 = 1:0.125 (a) 
and GRB2:SOS1 = 1:1 (b)

Fig. 2 NMR titration experiment of 15N-GRB2
with SOS1 peptides. (a) Overlays of 2D 1H-15N 
HSQC spectra from multipoint titrations of 15N-
GRB2 with S4 peptide. The colour codes
showing the molar ratio of GRB2:S4 peptide are 
as follows: light grey (1:0), grey (1:0.5), and 
black (1:2). Representative cross peaks
exhibiting large chemical shift perturbations are 
annotated in boxes. (b) KD values for the SOS1 
peptides calculated by using the TITAN 
software.
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Structure determination of a human multi-domain protein, GRB2, by paramagnetic 
NMR 

Takami Ando1, Haruka Sugasawa1, Keita Tateno1,Maako Tabata1, Tsutomu Mikawa2, Miyanoiri Youhei3, 

Youhei Kawabata4, Hisham Dokainish5, Weitong Ren5, Mao Oide5, Tsutomu Terauchi6  

Kohsuke Inomata1, Masaki Mishima7, Masatsune Kainosho1, Yuji Sugita5, Teppei Ikeya1, Yutaka Ito1 
1 Department of Chemistry, Graduate School of Science, Tokyo Metropolitan University  
2 RIKEN Center for Biosystem Dynamics Research 
3 Institute for Protein Research, Osaka University 
4 Department of Food Science and Human Wellness, Rakuno Gakuen University 
5 Theoretical Molecular Science Laboratory, RIKEN Cluster for Pioneering Research 
6 SI Innovation Center, Taiyo Nippon Sanso Corporation 
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Human GRB2 is one of the key mediators in the upstream process of the Ras-mediated signal transduction 

pathway. It consists of three functional domains, nSH3-SH2-cSH3, connecting with flexible linkers. While 

the 3D structure of GRB2 has been determined by X-ray crystallography, the studies of SAXS and MD 

simulation have proposed that the relative orientation of the domains and the inter-domain interactions in 

aqueous solution would be different from that in the crystal. The domain orientation is thought to be 

responsible for its biological functions and the formation of liquid-liquid phase separation (LLPS) via GRB2. 

Thus, we performed the protein structure determination of GRB2 using NOEs, paramagnetic relaxation 

enhancements (PREs), and residual dipolar coupling (RDCs) for inter-domain structural constraints. In 

addition to the conventional NMR structure calculation, we also addressed the multi-state structure 

determination since it was considered that various conformations exist in solution due to its flexible linkers. 
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Evaluation of metabolic profile stability in fishes upon microplastics feeding
Itta Matsunaga1, Kenji Sakata2, Jun Kikuchi1,2,3

1Graduate School of Medical Life Science, Yokohama City University
2RIKEN Center for Sustainable Resource Science
3Graduate school of Bioagricultural Sciences, Nagoya University

In recent years, the discharge of microplastics into rivers and oceans has been pointed out. Previously 
reported studies in environmental toxicology and other fields have been hypothesis-driven studies using 
vertebrate and invertebrate animals based on the assumption of biological effects, and there are not many 
examples of data-driven studies without hypotheses. In this study, we prepared several types and 
concentrations of feed containing microplastics and fed them to fish, and evaluate NMR metabolic profiles 
mainly in feces, which can be sampled noninvasively and simply, as well as in fish meat samples after the 
test. In doing so, we completely discarded the hypothesis of "biological effects" that is often seen in 
environmental toxicology and attempted to create stability indices using data-driven approaches such as 
energy landscape analysis.

(MP) 5 mm

[1]
MP

[2]
[1]

Fig. 1. Experimental scheme of this study.
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Fig. 2. Profiles of water-soluble fecal components evaluated by PCA. 
(a) Feeding 0.1 % PET, (b) Feeding 0.1 % PCL, PES and PHB.
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Pyruvic acid plays a significant role in biology. It is known that the production of lactate from pyruvic acid 

by lactate dehydrogenase (LDH) is more accelerated in cancer cells than in normal cells. A dissolution 
DNP(d-DNP) system is used to observe the enzymatic reaction in real-time and offers hyperpolarized 
solution NMR. Recently, a new d-DNP instrument called bullet-DNP has been developed. The key 
advantages are that transfer of samples in bullet DNP is faster than in conventional d-DNP systems, and the 
system does not require a large amount of solvent for dissolution. However, real-time enzymatic reaction 
experiments using the bullet DNP apparatus have not yet been performed. Using our developed bullet-DNP 
apparatus, we showed time-resolved, enhanced solution 13C-NMR spectra of enzymatic reaction from 
pyruvic acid to lactate by LDH.                   

bullet-DNP[3]
DNP

bullet-DNP D
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Fig. 1. Schematic diagram of our bullet DNP. 
Fig. 2. Time-resolved enhanced solution 
13C-NMR spectra for pyruvate acid 
acquired with a time interval of 1 s.
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Revisiting 14N solid-state NMR of perovskite-type oxynitrides 
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We re-examined 14N solid-state NMR of BaTaO2N as a representative perovskite-type oxynitride, and 
found a wide-line spectrum over 2 MHz in contrast to the previous works reporting a single narrow peak at 
ca. 270 ppm. We conclusively assign the latter to the residual nitrogen gas, which can be removed by heat 
treatment. The true 14N NMR spectrum, revealed with both a number of frequency-incremented QCPMG 
experiments and a long accumulation delay time exceeding 400 s, showed a profile of a slightly asymmetric 
14N quadrupolar interaction, indicating that the nitrogen atoms are off the Ta-N-Ta line in the crystal. 
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Fig. 1. A 14N solid-echo spectrum of BaTaO2N 
powder before (black line) and after (gray
line) heat treatment in N2 atmosphere.

Fig. 2. A 14N QCPMG spectrum of BaTaO2N 
powder before heat treatment. The sharp 
component is attributed to N2 gas.

－ 293 －



13C 15N 5- NMR  
2  

1  
2  

 
 
Synthesis of 13C- and/or 15N-labeled 5-aminolevulinic acids and their NMR analyses 
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To analyze the bilin-binding domain of the cyanobacterial chromatic acclimation sensor RcaE in the 
green-absorbing photoproduct state by NMR, we examined the synthesis of labeled 5-aminolevulinic acid 
(5-ALA), which leads to labeling with stable isotopes of bilin chromophore. 

As a result of investigating the synthesis of unlabeled 5-ALA that protects both the C-terminal and the 
N-terminal, it was found that Pd-catalyzed Fukuyama coupling reaction between glycine thioester and 
organozinc reagent is effective. Among them, we found that the target product can be obtained most 
efficiently when Pd(OAc)2 and phosphine ligand with cyclohexyl groups are used as catalysts. Finally, 
three types of isotope-labeled 5-ALA, 15N-labeled 5-ALA, 1-13C,15N-labeled 5-ALA, 2-13C,15N-labeled 5-
ALA, were synthesized using this method. 

In the 1H NMR analysis of the three synthesized 5-ALAs with different labeling positions, the coupling 
constant for the 2-position methylene moiety with 13C and 15N differed depending on the bond distance. 

5- 5-ALA

RcaE
X NMR 5-ALA
RcaE NMR
1 RcaE
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5-ALA  

5-ALA N
2

5-ALA

N

(Fig. 1)  
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Fig. 1. New method for the synthesis of 5-ALA by Pd-catalyzed Fukuyama coupling reaction.

Fig. 2. Structures of isotope-labeled 5-ALAs.
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Analysis of protein complex using MD simulation and deep learning.  

Naohiro Kobayashi1, Tusyoshi Konuma2, Kyouhei Arita2, Takahisa Ikegami2, Toshio Yamazaki1 
1RIKEN Center for Biosystems Dynamics Research, Yokohama 
2Graduate School of Medical Life Science, Yokohama City University  
 

Solution NMR analysis of protein complexes provides information on not only protein-protein interactions, 
but also on the dynamic states and structural changes upon complex formation as well as related to the 
mechanistic information of their biological functions. There are many cases that cannot be solved by X-ray 
crystallography or cryo-EM, especially in the case of small protein complexes with low binding affinity or 
with regions of high mobility within the complex structure. On the other hand, we often encounter the similar 
difficulty in solution NMR to the samples having poor crystallizing tendency, such as overlapping and line 
broadening or missing NMR signals. In this study, we report on a case study of two small protein complexes 
in which deep learning and MD calculations are effectively utilized to expedite complex analysis.  
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Figure 1. (A) Chimeric protein construct of 
Zinc-finger and peptide. (B) Overlaid ribbon 
models of solution structure (gray) determined 
by NMR and predicted one by AF2 (black).  
The side-chains involved in binding to three 
zinc ions are also shown.   
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Figure 2. Ribbon models of ET-domain and 
P19 complex. 
Anti-parallel (upper left) and parallel (upper 
right) sheet models predicted by AF2. The 
ribbon models determined by solution NMR are 
also shown (bottom). 
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Structural analysis by solution NMR reveals a unique interaction between GMPPNP-bound
K-Ras4BG12V and Rgl2RBD

Naoyuki Togashi1, Hiroki Miyata1, Shun Kamei1, Haruka Sugasawa1, Tsutomu Mikawa3, Kohsuke 
Inomata1, Kayoko Tanaka2, Yutaka Ito1, and Teppei Ikeya1

1 Department of Chemistry, Tokyo Metropolitan University, Japan
2Department of Molecular and Cell Biology, University of Leicester, UK

RIKEN, Quantitative Biology Center, Japan

K-Ras4BG12V, a proto-oncogene product, plays a role in transmitting important signals related to cell 
proliferation and differentiation downstream through interaction with various effector proteins such as Raf, 
PI3K and RalGDS. Recently, it has been reported that the Rgl1/Rgl2-RalB pathway is particularly crucial for 
RAS-dependent invasiveness of transformed cells1, and NMR-based competition experiments between 
several effector proteins and K-Ras have shown a high affinity of Rgl1 upon K-Ras2. In this study, we 
performed the protein structure determination of the RAS-binding domain (RBD) of Rgl2 and titration 
experiments with 15N-labelled samples to analyze the interaction between K-Ras4BG12V and Rgl2RBD. These 
results demonstrated that the conformations and dynamics at the interface between Rgl2RBD and K-Ras4BG12V

change when their interaction occurs, suggesting that this recognition mechanism is partially different from 
that of K-Ras4BG12V and RalGDS.

K-Ras
189 21kDa GTPase

GTP GDP
GTP K-Ras Raf PI3K Ral

Ras
Rgl1/2-RalB

[1] NMR
K-Ras Rgl1

K-Ras [2]
GTPase K-Ras4BG12V

Rgl1/2 Rgl2 Ras-binding domain RBD

K-Ras

Fig. 1. Superposition of the structures of 
Rgl2RBD. (a) Superposition of 20 NMR structures
of Rgl2RBD (light grey). (b) Superposition of the co-
crystal structure of Rgl2RBD with K-Ras4BG12V

(grey) and NMR structure of the monomeric
Rgl2RBD (light grey).

a b
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NOE
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Fig.3
Rgl2RBD

Rgl2RBD

K-Ras4BG12V RalGDS

K-Ras4BG12V

Rgl2RBD [3]
K-Ras4BG12V-Rgl2RBD RalGDS

2H/13C/15N-K-
Ras4BG12V-Rgl2RBD K-Ras4BG12V

[1] Zago, G. et al. Ralb directly triggers invasion downstreanm ras by mobilizing 
the wave complex. Elife 7, 1-23 (2018).[2] Smith, M. J. & Ikura, M. Integrated RAS signaling defined 
by parallel NMR detection of effectors and regulators. Nat. Chem. Biol. 10, 223-230 (2014)., [3] Mishal, T. 
Teppei, I. Naoyuki, T. et al. K-Ras4B and Rgl2 complex highlights a distinct RAS:effector binding mode for 
guanine nucleotide exchange factors of RalA/B. in preparation.

Fig. 3. Peak intensity decay for 15N-Rgl2RBD.
Residues are color-coded by relative peak 
intensity, as indicated in the color bar, on the 
ribbon model of the monomeric Rgl2RBD.

Fig. 2. NMR titration experiment of 15N-
Rgl2RBD with the unlabeled K-Ras4BG12V-
GMPPNP. (a) Overlays of 2D 1H-15N-HSQC 
spectra from multipoint titrations of Rgl2RBD with 
K-Ras4BG12V-GMPPNP. The color codes showing 
the molar ratio of Rgl2RBD:K-Ras4BG12V-
GMPPNP are as follows: light gray (1:0), gray 
(1:1), black (1:3). Representative peaks showing 
large chemical shift perturbations and intensity 
changes are indicated by arrows. (b) Intensity 
ratios derived from the titration experiment.
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Structural analyses of a Charcot-Marie-Tooth disease-causative gene product, myelin 
protein zero, using NMR 

Masayoshi Sakakura1, Kazuhiro Mio2, Mikio Tanabe3 
1Graduate School of Medical Life Science, Yokohama City University  
2AIST-UTokyo operando OIL 
3KEK, IMSS, SBRC 
 

Myelin protein zero (MPZ or P0) is expressed in the peripheral myelin, and functions to adhere two 
opposing membranes via homophilic interactions between the extracellular domains (ECDs) of the protein.  
Single amino acid substitutions in ECD impair proper myelin formation, leading to a demyelinating 
neuropathy, Charcot-Marie-Tooth disease (CMT).  However, the mechanisms by which such substitutions 
induce the disease have not been well understood.  In this study, we analyzed the inter-ECD interaction 
using NMR and found that ECDs interact via the molecular surface including W72, D80, and V84, which 
was different from those observed in the crystal structure.  The fact that W72, D80, and V84 are CMT-
related substitutions sites suggests this inter-ECD interaction is related to proper myelin formation and CMT.   

MPZ P0

Fig. 1A-C
MPZ

CMT

 
 

 
 

Fig. 1. Multi-layered membranes stacked by MPZ in the PNS 
myelin.  Schematic drawings of a (A) peripheral neuron, (B) myelin, 
(C) membranes stacked by MPZ molecules, and (D) the crystal structure 
of octameric human MPZ-ECD.  
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Fig. 2. Inter-ECD interface determined by solution NMR 
(A) Superimposed 1H-15N HSQC spectra of [2H, 15N]-labeled ECD with 
(dashed line) and without (solid line) the irradiation of non-labeled 
ECD.  1D slices of the spectra for representative residues are shown at 
right.  (B) The NMR-detected interface is mapped on the crystal 
structure of the 8-meric ECDs.  Residues of which signals were 
reduced more than 30% are shown in black.  Some protomers in the 8-
meric structure are omitted for clarity.  The CMT-related amino acid 
substitution sites are boxed.   
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The use of DNP-NMR for analysis of surface functional groups on carbonaceous materials 
Hideka Ando1, Katsuaki Suzuki2, Hironori Kaji2, Yuta Nishina1, Takashi Kambe1, Kazuma Gotoh1 

1 Graduate School of Natural Science and Technology, Okayama University  
2 Institute for Chemical Research, Kyoto University 
 

Analysis of surface functional groups on carbonaceous materials is important because the functional 
groups affect properties of the carbon materials. Dynamic nuclear polarizing nuclear magnetic resonance 
(DNP-NMR) is expected as a powerful tool for analysis of the surface functional groups on carbon materials. 
However, it has not been considered and applied to the analysis due to the electroconductivity and the 
microwave absorbance of the carbon, which attenuates the enhancing effect of DNP. In this study, we 
investigated an availability of DNP-NMR for the analysis of surface functional groups on carbonaceous 
materials. As results for 1H-13C CPMAS DNP-NMR measuring of graphene oxide (GO) and sucrose-derived 
carbon, trace amounts of functional groups, which are difficult to measure by conventional NMR, were 
observed. The enhancement of the signals is related by not only external radicals derived from AMUPol 
(polarizing agent) but also internal radicals derived from samples.  
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Fig. 1. 1H-13C CPMAS DNP-NMR spectra of Br-GO with 
AMUPol (a) and without AMUPol (b). Spinning sidebands are 
marked with asterisks. 

 
 

 
 
 

 
 
Fig. 2. 1H-13C CPMAS DNP-NMR spectra of SuC-400 (a), SuC-600 (b) and SuC-800 (c) with AMUPol. 
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Expression of 2-adrenergic receptor with cell-free synthesis and its conformational 
ensemble analysis by solid-state NMR 

Tomoaki Sugishita1 Hajime Tamaki1 Ken Kato1 Toshimichi Fujiwara1,2 Yoh Matsuki1,2 
1 Institute for Protein Research, Osaka University  
2 Center for Quantum Information and Quantum Biology, Osaka University 
 

2-adrenergic receptor ( 2AR) is a model protein of G protein-coupled receptors, which has various 
conformation associated with ligands and the following cascades. Solid-state NMR can be a powerful method 
for the analysis of these conformational ensembles, which is important for the fundamental elucidation of the 
GPCR signaling mechanisms. However, selective labeling is necessary for the ensemble analysis in order to 
avoid the peak congestion and increase the spectral resolution. Cell-free synthesis is a remarkable solution, 
because it is not affected by cellular metabolism and cytotoxicity of additives. In this poster, we will 
specifically present 77Se NMR measurements of selenomethionine-labeled 2AR prepared by cell-free 
synthesis, which is sensitive to the surrounding chemical environment and provide less peaks than other 
nuclei, and discuss the conformational ensemble of 2AR based on their side-chain analysis. 
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Fig. 1. 77Se-NMR spectra of seleno-L-
methionine microcrystalline powder.
Two spectra were provided with 1H-77Se 
2D double-CP at 338 K and 288 K.
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Development of a high-sensitive operando NMR for all-solid-state batteries 
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Hashi2, Teruaki Fujito3, Hideyuki Shinagawa3, Kazuma Gotoh1 
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All-solid-state lithium-ion battery (ASSLB) is one of the most promising next-generation second 
batteries which has high safety and high energy density. However, a problem of deactivation which is 
caused by the deposition of dendritic lithium inside the battery during high-speed charging and discharging 
hasn’t been settled. To solve the problem, it is required to clarify the charge-discharge behavior and to 
understand the deactivation mechanism. In this study, a handmade ASSLB and a probe were developed to 
realize operando 7Li NMR to observe the dendritic lithium. Lithium-ion insertion process into hard carbon 
electrode in ASSLB was observed using operando 7Li NMR. 

 

7Li NMR
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Fig.1 Structure of the cell and the probe 
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7Li NMR Agilent DD2 spectrometer(11.7 T)

128 23 60 90
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(60 )
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)

Fig.2 Charge-discharge curve and the corresponding operando 7Li NMR spectra 
(23 , 0.05C overdischarge) 

Fig.3 A 7Li NMR spectrum in operando measurement
(60 , after 0.1C CCCV discharge)

－ 307 －



 
 
Pharmacophore analysis using hydrogen exchange rates 
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Currently, NMR is used as a tool for screening and analyzing drug candidates in various stages 
of drug discovery. Although widely used chemical shift perturbation experiments are very 
effective for analyzing interactions of compounds with a target protein , in the case of a flexible 
target protein, chemical shift changes themselves  are also sensitive to the protein conformational 
changes caused by binding to a compound and  it is too difficult to identify the interaction site in 
the protein. The well-known saturation transfer method has been applied to relatively large 
molecular weight complexes with efficient spin diffusions, such as protein-protein interactions, 
but is not easily applied to the interaction of small proteins with small molecular ligands,  in 
addition sample preparations such as deuterium labeling technique is hardly to be applied. Here, 
we attempted to use hydrogen exchange rates in a flexible target protein , which is possibly 
labelled even with only relatively inexpensive 15N stable isotope, and to apply the interaction site 
analysis of the target with some ligands. 
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Dynamic nuclear polarization using photo-excited electron spin (Triplet DNP) can significantly improve 

the sensitivity of NMR measurements at room temperature. This hyperpolarization technique has been 
applied to several small molecules such as, metal-organic framework, drug molecules, and biomolecules. 
Here, we present Triplet-DNP of eutectic crystals methods to hyperpolarize metabolic biomolecules. We have 
performed powder X-ray diffraction measurement to confirm the crystal structure of the eutectic crystals and 
UV-vis spectroscopy to investigate in which region pentacene was doped. Furthermore, the spin diffusion 
coefficient of 1H were investigated from two dimensional 1H-1H exchange NMR experiments and comparison 
among the relaxation time of the eutectic polycrystals, benzoic acid polycrystals, and polycrystals of the 
target molecules. These results conclude that the eutectic crystals have small domain where polarization 
diffuse from benzoic acid to target analyte until the relaxation time. 
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Fig. 1. PXRD of (a) BA-CAF, (b) BA-ET and (c) BA-SUA in eutectics. 
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[ Triplet DNP] 

Triplet DNP

(d6-BA : D 92% d4-ET : D
60% d2-SUA : D 95%) 
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(Fig. 2 (b) )
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100
(Fig. 2 (c)) 
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1H MAS NMR  T1 14 T
70 kHz  

d5-BA T1 d5-BA-ET 61.2 s 55.4 s d5-BA-CAF 29.9 s
ET CAF T1 d5-BA-ET d5-BA-CAF 573 s 52.3 s

33.3 s 28.3 s d5-BA T1

MAS NMR 1H-1H

T1

(BAP)

 

 
Fig. 2. Triplet DNP of (a) molecular with eutectic and (b) 1H NMR 
spectra (black) and thermal 1H NMR spectra (gray). (c) The buildup 
curve of target molecular in eutectics. 

 
Fig. 3. T1 saturation recovery of (a) d5-BA-ET, (b) d5-BA-CAF.  
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Fig. 4. 2D exchange 1H MAS NMR spectra of d5-BA-CAF mixing time of 
(a) 0.1 s and (b) 10 s. 

 
Fig. 5. (a) Synthesis of eutectic and (b) eutectic matrix and 
Triplet DNP. (c, d) Spin diffusion of polarization from the 
polarization phase with polarization source to target phase.   
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2H-NMR Spectroscopy on Hierarchical Water Molecule Clusters Confined to Hydrophilic 
Nanoporous Channels

Akira Saito1, Shunichi Obana1, Tomoya Namiki1, Fumiya Kobayashi1, Takuya Kurihara2, Motohiro 
Mizuno2, Makoto Tadokoro1

1 Department of Chemistry, Faculty of Science, Tokyo University of Science
2 Graduate School of Natural Science and Technology, Kanazawa University

We have investigated on water molecular clusters (WMCs) confined to hydrophilic quasi-1-D nano-
porous channels in the self-organized molecular crystal. The WMC structure has a hierarchical structure of 
three phases, which is different by the strength of H-bonding interaction. This time, by 2H-NMR spectra, 
three kinds of WMC layers would be observed in the melting and freezing state. It was confirmed that, by 
X-ray crystal analysis, the crystal structures of a dynamic WMC in the melting state and a static WMC in 
the freezing one were clarified to have three hierarchical layer structures.   
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Fig.1. Images of freezing behaviours of WMC
(a) Mesoporous silica and (b) Nano-porous molecular crystal

Fig. 2. Crystal structure of 1.
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WMC {[CoIII(H2bim)3]
(TMA)·20H2O}n (1) (H2bim = 2,2'-biimidazole, TMA3– = trimesate . (M = CoIII, 
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LS (low spin) Fig. 2 ,
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Fig. 3. Temperature-
depending solid-state 

Fig. 4. Deconvolution of 
2H-NMR of 2 at 163 K
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Dynamics and competitive adsorption of carbon dioxide and water on PCP 
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Separation and recovery of CO2 from exhaust gases is an important issue in modern society. Recently, 
PCP has attracted much attention, and studies on CO2 separation and storage under wet conditions have 
been conducted. However, detailed analysis of CO2 adsorption sites, dynamics, and diffusion behavior 
inside PCP under wet conditions is limited, and such information have been on demand to consider its 
separation and storage capacity. 

In this study, we focused on UTSA-16, which has high CO2 adsorption ability under wet conditions, and 
analyzed the dynamics of CO2 and H2O with MAS NMR to elucidate the adsorption under wet conditions. 
The NMR analyses shows specific dynamics of adsorbed H2O and competitive adsorption of CO2.  
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Solid-state NMR study of membrane embedded TaHeR in the presence of Zn2+

Sari Kumagai1, Shibuki Suzuki1, Toshio Nagashima2, Toshio Yamazaki2, Kota Katayama3, Hideki 

Kandori3, Izuru Kawamura1

1Graduate School of Engineering Science, Yokohama National University, Japan, 2RIKEN RSC, Japan,
3Nagoya Institute of Technology, Japan.

Heliorhodopsin (HeR) is a transmembrane protein with a retinal chromophore that constitutes a new 

rhodopsin family [1]. FTIR spectroscopy has revealed that only helical structural perturbations are observed 

by binding Zn2+ to TaHeR [3]. Here, using solid-state NMR spectroscopy, we investigated whether the 

structure of membrane embedded TaHeR in POPE/POPG is affected by Zn2+-binding. We exhibited Zn2+ 

concentration dependance of changes in 15N NMR signals of His imidazole rings using 15N3 His-labeled 

sample. On the other hand, no peak shift of the retinal protonated Schiff base was observed using 15N Lys-

labeled sample. From our results, we assume that the binding site of Zn2+ is located at His residues in the 

cytoplasmic region, distant from the retinal chromophore. This binding might contribute to the unknown 

function of HeR, which is thought to be signal transduction due to the long photocycle. 

7
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[1,2] FTIR

Zn2+

[3] HeR
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15N3-His TaHeR

NMR Zn2+ (Fig. 1)

, NMR, 

, , , , , 

, 

Fig. 1. Crystal structure of TaHeR (dimer)
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Thermoplasmatales archaeon TaHeR DNA
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[4] H-N 2

158 170 ppm [Zn2+]

Zn2+ His

1

CP

[U-13C,15N] TaHeR NMR

His100 Zn2+

[1] A. Pushkarev et al. (2018) Nature, 558, 595. [2] W. Shihoya et al. (2019) Nature, 574, 132.

[3] M. Hashimoto et al. (2020) JPC Lett. 11, 8604. [4] S. S. Kidambi et al. (2003) Inorg. Chem. 42, 3142. 

Fig. 3. 15N CP-MAS NMR spectra

([15N3-His] TaHeR)

15

Fig. 2. Relationship between 15N chemical shift

of RPSB and max (TaHeR: 178.9 ppm/542 nm)
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Stimuli response of molecular dynamics on square-planar Pt(II) complexes analyzed by 
solid-state NMR 

Yasuhiro Shigeta, Motohiro Mizuno 
Nanomaterials Research Institute, Kanazawa University 

 
Stimuli-reponsive materials have been attracted much attention because of their potentially utilization 

such as for sensors, actuators. Usually, discussions for molecular crystal-based stimuli-responsive materials 
are based on their static states, such as crystal structure. On the other hand, molecular motion have been 
increasing attention to affect property of materials. Herein, we report the grinding-induced molecular 
dynamics changing of Pt(II) complex [PtCl2(BdmPhambpy)] (= 1; BdmPhambpy = bipyridine-4,4’-bis-3,5-
dimethylcarboxamide), investigated by solid-state 2H NMR spectroscopy. 

The as-synthesized, deuterated complex 1 exhibited two sets of signals in the solid-state 2H NMR 
measurement. These signals could be assigned to the fast rotational motion of methyl deuterons with small 
angle librational motion and static state of phenyl deuterons. After grinding, additional signals were 
observed in the 2H NMR spectra, suggested grinding induced promotion of molecular dynamics. 

 

 

2H NMR X

(II)
 

BdmPhambpy bipyridine-4,4’-dicarboxylic acid
3,5-

dimethylaniline(dmAn) dmAn
(IV)

K2PtCl4 [PtCl2(BdmPhambpy)] (= 1)
(Fig.1) 1H NMR dmAn 85%

50%  
2H NMR,  
 

 

Fig.1 Molecular structure of 1. 
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Fig.2 1 100 C 2H NMR
2H NMR

C-N 27
18 kHz

Pake pattern
3

1 (Fig. 3)
XRD 1

(Fig.3(a))

2H NMR

(Fig.3(b)) 1

C-N
5.6 kHz

0 kHz
15 kHz

Fig.2 2H NMR spectra of as-synthesized 
1 (solid line) compared with simulated 
spectra (dashed line). 

Fig.3 (a) XRD pattern of as-synthesized (top) and ground (bottom) 1. (b) 2H NMR spectra of as-synthesized 
1 (top) and ground(bottom) 1. Spectra were shown in solid lines compared with simulation (dashed lines).

－ 325 －



STD NMR TiO2

 
2, , 2 

1  
2  

 
Analysis of interaction of TiO2 particles with anti-viral peptide using STD NMR 

Yuto Suzuki1, Hideyasu Okamura2, Izuru Kawamura1, Yu Suzuki2 
1 Graduate School of Engineering Science, Yokohama National University  
2 Department of Applied Chemistry and Biotechnology, Graduate School of Engineering, University of Fukui 
 
Proteins and peptides give the surface of inorganic particle materials functionality. NMR technology is 

extremely useful in analyzing the interaction of biomolecules with inorganic nanoparticle surfaces and 
saturation transfer difference (STD) NMR has revealed the interaction of titanium-binding peptides (TBPs) 
with TiO2 nanoparticles. In this study, we analyzed the interactions with a fragment of urumin, an anti-
influenza virus peptide from the Indian frog, and TiO2 nanoparticle by STD NMR. The results suggested that 
the urumin fragment binds to the surface of TiO2 nanoparticles and interacts primarily at N-terminal Ile1 and 
Arg11. 
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[2] Suzuki, Y., Shindo, H., Asakura, T. (2016) J. Phys. Chem. B, 120, 4600-4607.
[3] Suzuki, Y., Shindo, H. (2018) Polymer J., 50, 989-996.

Fig. 1 TOCSY NMR spectrum of urumin fragment

(3 mM peptide in 10 % D2O 20 mM phosphate buffer

pH 6.8, mixing time: 60 ms).

Fig. 2 1D STD NMR spectrum with saturation time of 11.2 s

of urumin fragment – TiO2 sample in solution.
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NMR structural analysis and mechanical property evaluation of recombinant spider silk 
protein gels with different secondary structures 

Takanori Higashi1, Takehiro K. Sato2, Takashi Morinaga3, Ryo Satoh3, Hideyasu Okamura1, Yu Suzuki1 
1 Graduate school of Engineering, University of Fukui  
2 Spiber Inc. 
3 Department of Creative Engineering, National Institute of Technology, Tsuruoka College 
 

Dragline silk produced by spiders as their lifeline has extraordinary mechanical properties. Recombinant 
spider silk protein (RSP) is produced by microorganisms, and regenerated fibers, nonwoven fabrics, and gels 
processed from the RSP powder are developed. The primary structure of RSP, which mimics the natural 
spider silk protein, repeats the poly-Ala and Gly-rich regions. In the fiber, the poly-Ala region, which forms 

-sheet crystals, provides high strength [1]. Thus, if the secondary structure of the poly-Ala region is changed, 
the physical properties of the materials obtained from RSP can be modified. In this study, we prepared RSP 
hydrogels with different secondary structures and performed NMR structural analysis and mechanical 
characterization. Consequently, we found a correlation between the secondary structure of poly-Ala region 
and the mechanical properties of the RSP hydrogels. This correlation provides an insight into the production 
of RSP gels with excellent mechanical properties.  

Introduction 

RSP

 RSP  Ala 
 Gly -sheet 

 Ala 
Fig. 1 Ala

 RSP 
 

 
 

 
 

 

 
Fig. 1. Primary structure of 
recombinant spider silk protein. 
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Experimental 
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Results & Discussion 
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Fig. 2. 13C CPMAS NMR spectra of freeze-dried rc-
RSP, -RSP and -RSP gel.  

 
Fig. 3. Plots of breaking strength and strain and stress 
vs. strain curves of compression strength 
measurement of rc-RSP gel, -RSP gel and -RSP gel.  
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Development of 13C-13C DARR measurement on fast MAS driven by -pulse train 

Tatsuya Matsunaga1, Yoshitaka Ishii1,2 
1 Laboratory for Advanced NMR Application and Development,  

RIKEN Center for Biosystems Dynamics Research  
2 School of Life Science and Technology, Tokyo Institute of Technology 
 

Dipolar-Assisted Rotational Resonance (DARR) is one of powerful tools to measure 13C-13C dipolar 
interaction in various range on Magic-Angle Spinning (MAS). However, it requires long RF irradiation 
whose intensity equals to MAS frequency. Thus, it’s mainly used on as fast as 10–30 kHz MAS and rarely 
used on fast/ultrafast MAS with faster spinning than it. In this study, I show 1H-13C dipolar recoupling with 
-pulse train with interval of 1.5-times MAS period. It realized long and low-power recoupling and drove 

13C-13C recoupling like DARR, which I call as -pulse driven DARR ( -DARR). I show that it works on 
ultrafast MAS with rotor frequency of 60 kHz. 

NMR

NMR
Magic-Angle Spinning (MAS) RF dipolar decoupling

NMR
decouple/recouple  

Dipolar-Assisted Rotational Resonance (DARR)[1] 
MAS NMR recoupling

DARR MAS
r/2 1H RF

ms 1H-13C
dipolar recoupling 1H-13C dipolar

13C-13C
50 60 kHz

/ MAS 1H RF
DARR  

RF  (constant wave, CW) 
1H-13C

dipolar recoupling 60 kHz
MAS DARR 13C-13C  

MAS NMR 
,  

 

Fig. 3. 13C CPMAS spectra of 13C,15N-
labeled L-alanine measured with repetition 
of 1H -pulse with intensity of 30 kHz.  
MAS frequency is 60 kHz. Periods of the -
pulse train are 25.2 s (solid line) and 34.1 s 
(dashed line). 

P89

－ 332 －



 

 

-pulse driven 
DARR ( -DARR)  

Fig. 1 60 kHz MAS 30 kHz 1H 
 = 25 s (solid), 34 s (dashed)

13C,15N-labeled L-Alanine  13C CPMAS
MAS r = 16.67 s

 = 25 s = 1.5 r 
1H recoupling  = 34 s  2 r 1H 

decoupling Fig. 2
13C

decouple recouple
Recouple  = 25, 42 s

MAS r

MAS 1/4
recouple  

RF
NMR

RF -DARR
mixing RF

MAS 1H decoupling
-DARR

MAS mixing
DARR CW 1/6

30 kHz MAS FID
100 kHz 1H decoupling

60 kHz MAS 10 kHz 1H 
decoupling FID 10 ms

60 kHz MAS -DARR 30 kHz 
MAS DARR 2–4
mixing -DARR recouple

DARR recouple 2/3
Fig. 3 60 kHz MAS

GB1 13C-13C -DARR
2.5 s 285 ms

mixing  
 
References  
[1] K. Takegoshi et al., (2001) 13C-1H dipolar-assisted rotational 

resonance in magic-angle spinning NMR, Chem. Phys. Lett. 344 631–637. 

[2] M. Ernst et al., (2001) Low-power decoupling in fast magic-angle spinning NMR, Chem. Phys. Lett. 348 293–302. 

  A. Wickramasinghe et al., (2015) Evolution of CPMAS under fast magic-angle-spinning at 100 kHz and beyond, SSNMR 

72 9–16.

 

Fig. 3. 13C-13C -DARR spectra of 13C,15N-
labeled GB1 protein. 
It was measured on 60 kHz MAS and with 
repetition time of 2.5 s. Mixing was done with 
combination of 30 kHz  pulses and 10 kHz 
decoupling pulses. Mixing time was 285 ms. 

 
Fig. 2. Dependence of 13C -peak intensity on -
pulse period .  
Sample was 13C,15N-labeled L-alanine and it was 
measured with 13C CPMAS on 60 kHz MAS. 
Intensity was normalized with the highest point 
on  = 34.1 s. 
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Fast Field-Cycling NMR Relaxometry of Perfluorosulfonic Acid Ionomer Dispersions 

Makoto Yamaguchi, Takeshi Terao 
Fuel Cell Cutting-edge Research Center (FC-Cubic) 
 

Spin-lattice relaxation rate of perfluorosulfonic acid (PFSA) ionomer dispersions in polar solvents were 
measured by field-cycling relaxometry. Contributions of local motions (defect diffusion along main chain), 
collective order fluctuations, and rotational diffusion of the dispersed particles are supposed to be 
responsible to explain frequency dependence, which basically obeys power law with changing indices. 
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Fig. 2. Structure of Aquivion 
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Perdeuteration improves the sensitivity and resolution of solid-state NMR by suppressing magnetic 
interactions with protons, which makes it a suitable method for measuring membrane protein complex 
structural information under physiological condition. However, it is difficult to re-introduce 1H to -helical 
membrane proteins for ssNMR detection. In this study, we prepared perdeuterated Natronomonas pharaonis 
halorhodopsin (NpHR), a membrane protein with 7 - helices via several methods. The H/D exchanging 
efficiency and sample quality were evaluated by proton detection ssNMR measurements under 70 kHz magic 
angle spinning with a 700 MHz spectrometer and will be discussed in this presentation.  

 
Structural studies for membrane proteins are important because those proteins play important roles in 

physiological activities. Solid-state NMR (ssNMR) is a suitable method for membrane proteins structural 
analysis because it provides not only structural information but also molecular dynamic information at atomic 
level under physiological condition. Compared with commonly used 13C and 15N detection ssNMR, 1H 
detection ssNMR provides better sensitivity and resolution. However, the strong 1H-1H dipolar interaction 
results in a homogeneous line-broadening and limits the spectral resolution. The state-of-art ssNMR 
instrument enabled magic angle spinning (MAS) frequency towards 150 kHz with magnet field up to 1.2 
GHz (28 T) which provides narrower proton linewidth. However, even under those conditions dipolar 
interaction contributes to a major part in line-broadening1; about 100 Hz homogeneous broadening remained 
in fully protonated protein samples2. Deuteration still benefits to spectral resolution and signal sensitivity and 
enables ssNMR measurement to larger membrane protein complexes.  

Perdeuteration and proton back exchange is a commonly used method to prepare 2H with 1HN labeled 
protein for backbone structural and dynamic analysis with ssNMR. Perdeuterated proteins can be expressed 
in E. coli with D2O based media and re-introducing 1HN via proton back exchange in aqueous solution. 
However, the application of this method to -helical membrane proteins faces difficulties. The protein folded 
structure and the hydrophobic surrounding environment prevent the 2HN exchanging with solvent 1H2O and 
cause heavily signal losses3. Denaturing the proteins can increase the water accessibility and improve proton 
back exchange ratio. However, finding the refolding condition for -helical membrane proteins is difficult. 
Limited works were focused on preparing 2H with 1HN labeled -helical membrane proteins through 
perdeuterated samples via unfolding and refolding protocol. A cell free expression system can be a better 
choice for 2H with 1HN labeled -helical membrane protein preparation by using 2H, 13C and 15N labeled 
amino acids. In cell free expression system, protein is synthesized using cellular extraction in 1H2O based 
reaction buffer via free amino acids molecules. Theoretically, the proton back exchange already happened in 
amide acid molecules before protein synthesis thus the signal losses related to incomplete proton back 
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exchange can be totally avoided. However, cell free synthesis method also has problems. The chemical 
environment differences between living cells and reaction buffer may affect the protein structure; unwanted 
amino acid metabolic pathways may remain in cellular extraction and introduce additional 1H to proteins by 
scrambling. Therefore, it is necessary to evaluate sample preparation method before formal structural study. 
In this study, 2H with 1HN, 13C and 15N labeled NpHR sample was prepared through E. coli expression and 
cell free synthesis and evaluated by ssNMR. 

Perdeuterated with 13C and 15N labeled NpHR was expressed by E. coli with D2O based M9 medium 
and proton back exchanged in native state or SDS denatured condition. A novel dialysis method is developed 
for SDS removal and NpHR refolding using DMPC/CHAPS mixture. Cell free synthesized 2H with 1HN, 13C 
and 15N labeled NpHR was prepared by a commercial kit from Taiyo-Nippon-Sanso. NpHR samples were 
purified by Ni-affinity chromatography and reconstituted in DMPC liposome for ssNMR measurement. The 
ssNMR measurements in this study were performed with a JEOL 700 MHz (16.4 T) spectrometer under 70 
kHz MAS. Probe temperature was set to -40  where sample temperature was approximately at 20 . 

 

 
2H labeled NpHR provided an average proton linewidth of 200Hz in 1H-15N HSQC spectra (Fig. 1), 

which was 30% narrower than that from fully protonated sample. Signal losses related to incomplete proton 
back exchanging can be observed in E. coli expressed NpHR spectrum even after unfolding and refolding. 
While no significant signal losses were observed in cell free synthesized NpHR spectrum. The details of 
sample preparation and ssNMR analysis will be discussed in the presentation. 
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Fig. 1 1H-15N HSQC spectra of 2H with 1HN, 13C and 15N labeled NpHR by E. coli expression 
(left) and cell free synthesis (right) 
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Among various analytical techniques, solid-state NMR (SSNMR) spectroscopy is the most powerful 

tool for elucidating the atomic level structures of amyloid-  (A ) and other amyloid fibrils. In this study, we 
evaluate the applicability of high-dimensional 1H-detected SSNMR under ultra-fast MAS (UFMAS) 
integrated with non-uniform sampling (NUS) method for a fully protonated 42-residue A  (A 42) fibril in 
nano-mole scale. Our results demonstrate the feasibility of efficient characterization of a ~42 nmol of fully 
protonated A 42 fibril using sparsely sampled 4D SSNMR spectral data within a couple of days of 
experimental time. 

Fibrillar assemblies of A  fibrils have been a subject of intense research due to their close association 
with Alzheimer’s disease (AD).1 Among different A  species present in AD brain, A 42 fibril is considered 
as the most pathogenic species since it exhibits notably higher neurotoxicity and aggregation propensity.2 
Thus, structural characterization of A 42 fibril is crucial for a profound understanding of the mechanism of 
AD. However, due to their insoluble and non-crystalline nature, it has been difficult to characterize A  fibrils 
by conventional structural tools such as solution NMR and X-ray crystallography. SSNMR spectroscopy has 
been the most powerful analytical technique to determine the atomic level structures of A  fibrils.3-5 
Nevertheless, essentially only one unique structure having S-shaped -sheet arrangement is elucidated by 
previous SSNMR studies on A 42 fibrils prepared at a physiological pH.5-7 These SSNMR studies on A 42 
fibrils relied on 13C-detected SSNMR, which is effective, but generally requires a large amount of sample 
(~5-20 mg) to record NMR spectra with sufficient sensitivity. Furthermore, high-dimensional NMR spectra 
(typically 3D and 4D) are required to achieve sufficient resolution for a reliable resonance assignment, which 
subsequently demands prolonged experiment time. However, these requirements, which are often nonviable, 
limit practical biological applications. With recent advances, 1H-detected high-dimensional SSNMR can 
circumvent the above limitations of conventional SSNMR.8 Additional time saving is attainable by sparsely 
sampling data points in indirect dimensions using NUS protocols.  

In this study, we evaluate the applicability of 1H-detected 4D SSNMR under UFMAS integrated with 
NUS for a fully protonated A 42 fibril in nano-mole scale (~42 nmol or ~200 g). This approach allows one 
to extract structural profile of A 42 fibril from 25-100 times less sample amount compared to traditional 13C-
detected SSNMR. Here, we recorded 1H-detected 4D experiments such as (H)CACONH and 
(H)CA(CO)NCAH with 25% NUS to assign the resonances of the protein-backbone of the A 42 fibril. 
Excellent sensitivity of NMR spectra by 1H-detection and dramatic enhancement of 1H resolution by UFMAS 

at 90 kHz permitted us to assign 94% of 13C , 82% of 15N, 67% of 13CO and 1H , and 76% of 1H  resonances 
 

A  fibrils, 1H-detected SSNMR, Non-uniform sampling  

P93 

－ 342 －



 

from the structured region of the backbone (Tyr 10-Ala 42) within 2.3 days of experiment time. Other details 
will be discussed in the presentation. 
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Crystal-size effect on the kinetics of CO2 adsorption in metal organic frameworks 
studied by NMR

Weiming Jiang 1, Kazuyuki Takeda 1
1 Division of Chemistry, Graduate School of Science, Kyoto University

We investigate the kinetics and exchange of carbon dioxide (CO2) adsorbed in a metal organic framework 
(MOF) with various crystal sizes. The crystal-size dependence of the 13C NMR lineshape of the guest CO2

molecules can be explained by asymmetric exchange between the motion-restricting adsorption sites and the 
hindrance-free isotropic sites. The trend that the smaller the host crystal are, the faster the exchange is, can 
be explained by the surface-to-volume ratio.

Introduction
Metal-organic frameworks (MOFs) are porous materials composed of metal clusters and organic linkers.

The porosity of MOFs offering diverse applications, such as gas storage/separation, catalysis, sensing, and 
so on, not only rely on the host-guest interactions determined by the chemical structures, but also can be
controlled by the crystal size and thereby the accessibility of the active surface sites. Even though solid-state 
NMR works have successfully revealed the dynamics and diffusion of the guest molecules, the particle size 
effect has so far been overlooked.

Here, we study the crystal-size dependence of the kinetics 
of CO2 adsorbed in [Zn2(1,4-NDC)2(dabco)]n MOF
(NDMOF, Fig. 1) with 13C NMR.1

Experimental
We synthesized single crystals of NDMOF, and crushed 

them into microcrystals with different sizes. The individual 
sample is put into a capillary and evacuated before being 
flame-sealed together with 13CO2 with pressure of 90 kPa.
The samples include: 1. cc@CO2 (crushed crystals of 
100~200 m in size), 2. pd@CO2 (coarse powder of 10~20 

m in size), 3. spd@CO2 (fine powder of 1~2 m in size). 
The 13C spectra were measured by a home-built probe in 7 T 
at room temperature.
Results and Discussion

The 13C spectrum of cc@CO2 showed resonance within a range from 107 to 155 ppm (Fig. 2a), which is 

Fig. 1. Structure of [Zn2(NDC)2(dabco)]n

MOF (NDMOF). Hydrogen atoms are 
not shown.
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small compared to that for pure solid CO2

indicating that the adsorbed CO2 undergo fast reorientation 
causing partial averaging of the chemical shift anisotropy. The 
axially symmetric power pattern can be explained by a model 
in which the CO2 molecules adsorbed inside the pore of 
NDMOF behave as if they gyrate around an axis tilted by 61°
against the c-axis of the host crystal. It should be noted, 
however, that the actual dynamics is superposition of 
reorientation and translation, the latter of which does not affect 
the NMR lineshape.2

Conversely, we observed striking differences in the line 
shape of the 13C spectra for pd@CO2 and for spd@CO2

(Fig. 2b, 2c). Since the host structure is common for all
samples, the motion of CO2 inside the MOF lattices is 
supposed to remain unchanged. Thus, the observed change in 
the spectrum as downsizing the particle is ascribed to exchange 
of the CO2 molecules from one site to another, driven by
diffusion across the pores, the gas phase, and different,
randomly orientated crystallites. Such multi-site exchange
among the motion-restricting adsorption sites (core site) and 
the hindrance-free isotropic sites, as schematically depicted in 
Fig 3a, require complicated calculation in lineshape analysis.

We found that, for 1D NMR lineshape analysis, the multi-
site exchange can be reduced to isolated exchange between
different core sites and the isotropic sites (Fig. 3b). Based on 
this idea, we calculated the lineshape using an asymmetric 
exchange model with various exchange rates.1

This model successfully reproduced the experimental 13C
spectra of pd@CO2 and spd@CO2 (broken lines in Fig. 2b, 2c)
with the rate of exchange from the core to the isotropic sites
k = 200 Hz and the population of the core sites p = 0.628, p =
0.115, respectively. Further, the 13C spectrum of pd@CO2

measured in 14 T and 2D exchange spectroscopy (EXSY) 
experiments also supported our model.1

Summary
The CO2 molecules adsorbed in NDMOF undergo exchange among different crystallites and between the 

isotropic and the core sites. It is the size dependence of the rate of exchange that affects the size-dependent 
NMR lineshape. The particle-size effect that we observed in this work can also be seen in many other MOF-
guest systems, and therefore needs attention in upcoming NMR investigations.
References 
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Fig. 2. 13C NMR spectra of a) cc@CO2,
b) pd@CO2, and c) spd@CO2 obtained 
in 7 T (Solid lines: experimental, 
broken lines: calculated).

Fig. 3. Schematic diagram of (a) the 
multi-site exchange among crystallites 
through gaseous phase, (b) the isolated 
exchange model. Solid and open boxes 
represent the core and the isotropic 
sites.
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Mineshige Atsushi  L5-3 

Mio Kazuhiro  P75

Mishima Masaki L2-1, P6Y, P63, P67, P68Y,

P72

Miyanishi Koichiro  P80Y

Miyanoiri Yohei  L2-1, L2-3, L4-3, P68Y

Miyata Hiroki  P74Y

Mizukoshi Toshimi  P15

Mizumura Takuya  L2-8 

Mizuno Motohiro L5-2, P19, P53, P81, P82Y,

P85

Mochizuki Yuki  P70Y

Mohanty, Biswaranjan L4-3 

Monden Noriko  L4-2 

Monobe Yoko  L4-2 

Mordvinkin, Anton   IL-1 

Mori Shoko  L1-3 

Morimoto Daichi AL-2, L2-6, P30, P54Y,

P83

Morinaga Takashi  P88Y

Morooka Hitoshi  P27

Murakami Masato  P90Y, L1-2 

Murakami Miwa  L5-3 

N 

Nagae Takayuki  L2-1, P6Y, P72

Nagahama Tomomi  P46Y

Nagashima Hiroki  L1-6 

Nagashima Toshio  P18Y, P84Y

Nagata Takashi  L2-2, P1, P48Y,  

Nagatoishi Satoru  P23

Naito Akira  P31

Nakagawa Naoya  P65

Nakajima Hiroki  P6Y
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Nakajima Yurie  P52Y

Nakamura Kiminori  P24Y

Nakamura Koichi  P80Y, P82Y

Nakamura Misaki  L4-2 

Nakamura Risa  P42Y

Nakamura Satoe  P17

Nakamura Takashi  L1-2, P90Y

Nakashima Yoshito  P5

Nakatani Kazuhiko  P14Y

Nakatsuka Shoichi  P42Y

Nakazawa Chikako  P38Y

Namiki Tomoya  P81

Namsrai, Javkhlantugs P31

Negoro Makoto  P70Y, P80Y

Nishikino Tatsuro  L2-3 

Nishimura Yoshifumi P79

Nishina Yuta  P76Y

Nishiyama Ken-ichi  L1-3 

Nishiyama Yusuke  L3-4, P26Y, P80Y

Nishizaki Yuzo  P40Y

Nishizawa Mayu  L2-6 

Noda Yasuto  P71

Nomrua Kaoru  L1-3 

Norinaga Koyo  P20Y

O 

Obana Shunichi  P81

Ogaeri Yutaro  P26Y

Ogura Tatsuki  P12

Ohnishi Yuki P24Y, L5-1, L5-6, P28Y,

P33, P34Y

Oide Mao   P68Y

Oka Tetsuo  L1-2, P90Y

Okada Kotaro  P37

Okamrura Hideyasu  P86Y, P88Y

Okamura Satoru  P62Y

OKAMURA Tetsuji  L1-2, P7, P22Y, P90Y

Okubo Rika  P63

Okushita Keiko  P20Y

Omar, Eladl  L2-2 

Onuki Yoshinori  P37

Osada Seiji  P24Y, L5-6, P28Y, P34Y

Osawa Masanori  L2-7, P42Y

Osawa Tsukiho  L1-3 

Otsuka Yusuke  P27

Oyadomari Ryo  P47

P 

Pandey, Shubhi  L3-2 

Patchiya, Phanthong  P16

R 

Rangadurai, Atul Kaushik  L3-1 

Ren, Weitong  P68Y

Rioual, Elisa  L5-7 

S 

Saalwächter, Kay  IL-1 

Sagae Takeru  L2-7 

Saito Akira  P81

Saito Jun   P42Y

Saito Koji   P20Y

Saito Naoki  P9, P13

Sakai Naomichi  L1-2, P90Y

Sakakura Masayoshi  P75

Sakamoto Taiichi  P1, P6Y, P46Y

Sakamoto Tomoki  L2-2, P48Y

Sakata Kenji  P59, P69

Sakurabayashi Shuhei P14Y

Sasahara Hisamu  P62Y

Sasakawa Hiroaki  P44Y

Sato Haruki  P80Y

Sato Riho   P43

Satoh Ryo   P88Y

Satoh Takehiro  P88Y

Sawada Haruka  P11

Sawai Hitomi  P63

Sawazaki Ryoichi   L2-7 

Saya Hideyuki  P42Y

Scanlon, Martin  L4-3 
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Scheler, Ulrich  L2-6 

Senda Toshiya  P42Y

Shigemitsu Yoshiki  P29, P57, L3-6 

Shigeta Yasuhiro  P19, P53, P85

Shikata Ayumi  P78Y

Shima Kaito  P55

Shimada Ichio L2-7, L2-8, L3-2, L3-3,

L4-1, P15, P66Y

Shimamoto Keiko  L1-3 

Shimizu Yoshitaka  P17

Shinagawa Hideyuki  P78Y

Shinki Souta  P71

Shiraishi Yutaro  L2-8, L3-2, L4-1, P15

Shirakawa Masahiro  L2-6, L4-2, P30, P83

Shiro Yoshitsugu  P63

Shukla, Arun K.   L3-2 

Someya Tatsuhiko  P46Y

Song Zihao L5-1, L5-6, P24Y, P28Y,

P33, P34Y

Sorada Tomoki  P54Y

Souri Yue   P19

Suckow, Marcus  IL-1 

Sudo Yuki   P18Y

Suehiro Shiori  P55

Suematsu Takako  P40Y

Sugasawa Haruka  P67, P68Y, P74Y

Sugase Kenji  L2-6, P30, P54Y, P83

Sugiki Toshihiko  L4-2, P32Y

Sugimoto Naoki  P40Y

Sugishita Tomoaki  P35, P77

Sugita Tomoko  P16

Sugita Yuji  P67, P68Y

Suzuki Ei-ichiro  P15

Suzuki Furitsu  P62Y

Suzuki Katsuaki  L5-4, P62Y, P76Y

Suzuki Rika  P18Y

Suzuki Shibuki  P84Y

Suzuki Takafumi  P55

Suzuki Takumi  P6Y

Suzuki Yu   P86Y, P88Y

Suzuki Yuto  P86Y

T 

Tabata Maako  P67, P68Y

Tadokoro Makoto  P81

Tagami Osamu  P78Y

Tagishi Ryouma  P49

Takahashi Hideo  P18Y

Takahashi Masakuni  P78Y

TAKAHASHI Masato P7, P22Y, P90Y, L1-2 

Takahashi Sayaka  P87

Takahashi Seizo  P3

Takahashi Takafumi  P20Y, P27

Takamatsu Kyosuke  L2-4 

Takaya Nobuhiro  P13

Takeda Kazuyuki L1-1, L1-4, P8Y, P11, P21,

P94Y

Takegoshi Kiyonori  HL-1, P71

Takeuchi Koh  L2-8, L3-3 

Tamaki Hajime  P35, P45, P77, P92Y

Tanabe Mikio  P42Y, P75

Tanaka Kayoko  P74Y

Tanaka Shinji  P16

Tateno Keita  P67, P68Y  

Tehrani, Mohammad Jafar L3-6 

Terami Hibiki  P57, L3-6 

Teramura Takuo  P39

Teranishi Takashi  P78Y

Terao Takeshi  P91

Terauchi Tsutomu  P68Y

Terayama Kei  P59

Tjandra, Nico  IL-3 

Tochio Hidehito  L4-2 

Togashi Naoyuki  P74Y

Togawa Wataru  P61

Tokuda Norihiro  L2-4 

Tomemori Megumi  P56Y
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Tominaga Yusuke  L1-1 

Toyama Yuki   L3-1 

Toyoda Mei  P55

Toyoda Shuhei  P31

Trebosc, Julien  L1-6 

Tritrakarn, Techit  P7, P22Y, L1-2, P90Y

Tsuboi Yuuri  P36Y, P58

Tsuchida Tomoki  L2-8 

Tsumoto Kouhei  P23

U 

Uchida Noriyuki  P32Y

Ueda Kazuyoshi  P31

Ueda Takumi L3-2, AL-1, L2-8, L4-1,

P66Y

Ute Koichi  L2-4 

Utsumi Hiroaki  P44Y

W

Wada Masahisa  L1-4 

Wakamatsu Kaori  HL-2, P1, P32Y

Wakamoto Takuro  P60

Wakayama Masataka P12

Walinda, Erik  P30, P54Y, P83, L2-6 

Wang, Yu   P8Y

Watanabe Hidehiro  P13

Watanabe Kazuya  L2-4 

Watanabe Riki  P63

Watanabe Soh  L2-4 

Weiming, Jiang  P94Y

Wickramasinghe, Ayesha P93, L3-6 

X 

Xiao, Yiling  P93

Xue, Xianyu  L3-5 

Y 

Yabu Yoshihiro  P49

Yagi Hiromasa  L5-7 

Yagi Tatsunori  P69

Yamada Shunji  P25, P36Y, P43

Yamada Takeshi  P14Y

Yamaguchi Hideyuki P15

Yamaguchi Makoto  P91

Yamamoto Junya  L4-3, P60

YAMAMOTO Kouki P7, P22Y

Yamamoto Kyoka  P51

Yamamoto Masayuki P55

Yamaoki Yudai  L2-2, P48Y

Yamauchi Kazuo L5-1, L5-6, P24Y, P28Y,

P34Y

Yamazaki Taichi  P17

Yamazaki Toshio  P18Y, P73, P84Y

Yanagida Yuki  P50Y

Yanagisawa Kota  P6Y

Yao Shigeru  P16

Yasui Hayate  L1-4 

Yokogawa Mariko  L2-7, P42Y

Yokomizo Tomoki  P15, L4-1 

Yokoyama Daiki  P58, P59

Yokoyama Kazuya  L1-2, P90Y

Yoshida Kiyomi  P50Y

Yoshikawa Ichiho  P52Y

Yoshimizu Hiroaki  P41

Yoshimura Hironobu P40Y

Z 

Zhang, Xin  P92Y

Zhang, Zhongliang  P10Y

Zheng, Jingkang  P52Y
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製造・総販売元 大陽日酸株式会社 イノベーションユニット SI事業部
  

      

大陽日酸は多次元NMRでの構造解析に必須な安定同位体標識化合物を高品質・お求め易い価格で販売しております。元NMRでの構造解析に必須なな安定同位体標識化合物を高品質 お求め易い価格で格で格で販販売

※Biomolecular NMR専門カタログをご用意しておりますのでお気軽にお問い合わせください。

無細胞タンパク質受託合成

無細胞くん®

無細胞くん用 安定同位体標識アミノ酸・膜タンパク質合成用試薬

●D-Glucose (13C, d)　●Salts (15N, d)
●Deuterium Oxide 99.9atom%

培地

●　　　  10%, 20% Phosphoramidites (13C, 15N, d)
●NTPs / NMPs (13C, 15N, d)　●RNA・DNAオリゴマ合成

核酸
●L-Amino Acids (13C, 15N, d)　●Algal Amino Acids (13C, 15N, d)
●α-Keto Acids (13C, d)

アミノ酸・ケト酸

　　　Deuterated NDSB ● Lanthanide Tag
●Water-17O (10-90atom%)　●Pf1 NMR Cosolvent

その他

■無細胞くんStart特徴
無細胞タンパク質合成をお手軽に
お試しいただけます。小スケール
（0.1mL）反応を付属の微量透析カ
ップで6回実施できます。発現量や
可溶性の確認および条件検討用に
最適です。

■ 鋳型DNA設計・作製
■ 発現・可溶性確認試験

■ 条件検討試験
■ 大スケール合成

製品番号 製品名 数量 希望納入価格（円）
SAT2001 SAIL アミノ酸混合物水溶液 1mL 220,000

G07-0226 [δ2-13CH3;2H]Leu＋ [γ1-13CH3;2H]Val
+ 18種重水素標識アミノ酸 1mL 120,000 膜タンパク質 発現例

製品番号 製品名 数量 希望納入価格（円）
A107-0144 アミノ酸混合物水溶液-UL-d 1mL 25,000
A39-0072 アミノ酸混合物水溶液-UL-15N 1mL 15,000
A41-0074 アミノ酸混合物水溶液-UL-15N,d 1mL 18,000
A40-0073 アミノ酸混合物水溶液-UL-13C,15N 1mL 30,000
A42-0075 アミノ酸混合物水溶液-UL-13C,15N,d 1mL 35,000
A91-0128 アミノ酸混合物水溶液-Lys,Arg-UL-13C,15N 1mL 20,000
A92-0129 アミノ酸混合物水溶液-Lys,Leu-UL-13C,15N 1mL 20,000
A108-0145 アミノ酸混合物水溶液-SeMet 1mL 12,000

20種類のアミノ酸を含有しております。

■各種安定同位体標識アミノ酸

■膜タンパク質合成用試薬■SAIL メチル・芳香族選択標識

理化学研究所の高度な無細胞タンパク質合成技術をキット化いたしまし
た。大腸菌抽出液を用いており、抗体や膜タンパク質などをはじめ各種タ
ンパク質を迅速・簡便に大量合成し、高効率に安定同位体標識できます。

◎PCRで調製した直鎖状DNAもご使用いただけます。

製品番号 製品名 数量 保存温度 希望納入価格（円）

A183-0242 無細胞くんStart 1キット
（0.1mL反応×6回分） －80℃ 28,000

A89-0126 無細胞くんSI SS 1キット
（1mL反応×1回分） －80℃ 65,000

A29-0059 無細胞くんSI 1キット
（1mL反応×1回分） －80℃ 55,000

◎ スクリーニング用多検体発現、細胞毒性タンパク質発現、変異体発現
◎ 多次元NMR、クライオ電子顕微鏡、X線回折、中性子線回折等による構造解析用タンパク質発現
◎ 質量分析用安定同位体標識タンパク質発現

国立研究開発法人 科学技術振興機構「産学共同シーズイノベーション化事業」の支援を受け、開発
された製品です。

用途例

細胞内タンパク質、分泌系タンパク質、膜タンパク質合成を承ります。
弊社HPの専用フォームより簡単にご依頼いただけます。

Bacteriorhodopsin

製品番号 製品名 数量 希望納入価格（円）
A226-0290 膜タンパク質合成用添加剤 Set A 1キット 20,000

Purplish brown color represents proper folding of Bacteriorhodopsin.

Coming
   Soon！
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