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ODMR in-cell NMR

Development of analyzing methods for protein-protein interactions and protein
dynamics by means of ODMR and in-cell NMR
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Methods to create NV centers which are characterized by a crystal lattice
vacancy and it adjustments are created. In addition, method targeting the NVC containing ND to
biomolecules and technique to measure ODMR of the biomolecule-attached ND have been developed. For
protein assemblies (ex. cytoskeltons), by labeling subunit of the assemblies with ND particles, it
was possible to characterize the assembly states and mechanism.

We also generated a method to measure NMR spectroscopy of proteins under the presence of rheologic
forces --- rheology NMR. The new method is convenient, and applicable to modern NMR machine.

ODMR in-cell NMR Rheo-NMR



B X C—-19, F-19—-1, Z—19, CK—19 (t@)

1. WFIERAA SO 5

AL, A E SO DRI K O BUNERIC W STl Y | TOZEMITZ X7 B
DETTIREN 40%IZHEL 9 HDHIIREIZ L > Tl SN TW5D, ZODMIND X >Ry
BRFNODOESIETH DM/ NERE LK E % Macromolecular Crowding %I 5-<° Micro-
compartmentalization ZWEZZIF CTW\D, L7ZNo>TCILEDOEEEA 1 =X LOMRICIZ, 4
ETHIFINTODZ X7 - N E OZEBOEEINEZ D WD H - 72,

2. WEDOHT

AAFFETIX, MRANZ /X7 8 - NGB DL - B - B FEA RIS Z A & 7o
fa o F TS 2 FIEOBRE AT - 72, — 20, MIENOFFED X > 237 E O @RIt R JllE T
H5 in—cell MRIETH Y | b 9 —DIEHF A YEY NI R 1% - 72 ek R 3514 (ODMR)

Thd,
in—cell NMR TiZ, # /NI B DR L)L O EWR-CHEINE - thoy 1 & OFAEVER 2364
BT A LN TE 5,

ODMR (%, M &K ILBENZMAGbED 2 EIck b, ¥4 YEY N RO
ZREACIL, £3° DNTERRETE S, 22T, XA VEU RF 2 hif29t4 7L LT
i, MlaNIcBIT 22 2378 - HIlINRE O — 5 TEREGHIN IS AR FRETH 5,

Y EERE & LT, & MIRAE 572 in—cell NMR & A Y& NI/ ki & @ IRA B
% ODMR {E%BH¥ L CTHERICERR T Cime3é£ % LT\ 5 (Inomata, et al., Nature, 2009;
Igarashi, et al.,2012),

AWFGETIE JNE & > X7 B OREFAL - N Y — 7 T 4 VT EOFEEEANTH T LT,
LN Oy - ZFEOEEME, MIENTOA D ) NT AT T v a U EFTT 5 FEORIE 1T

-7,

3. DL

AMFECTITMIENE AE - /NaRE ONARERE - EE3E - B TEAENEREEZE X MRo
HFCEHAT 5 FIEOMN A BRI E L, MIANORE O E Okt MR HlE T 5 in—cell
NVR 15 & A Y e R R (\ND) 20 - 72 e e s (ODMR) DB A 7,

(1) ODMR (2R3 2R ClE, BEHREA & e 2 OHEEM, @F /¥4 vE RS e —Tk+O
Fi{b & BEAEOERL, OMIa~DX —7 v T 7 @F LT EROMPE & RIS
THARMIEZIT o 72, OICB L Tid, g b, MREME S E2 B E L2 EEOS R, BY
ST IR SR DR R TRESS Y 7 My T OF i bIC X 0 BRI AT O A
DTz, Tu—TR T OUE L BEMBIZONTHITFEREICHESL L >oH 5, EHEE 30-100
nm F2EDF ) XA YT NSO BCOFE#SkO 7 a—7hi & LTHEHATEX 5 Z LIdA
<HBNTWE, 2L, D TOFEZFHIT 5729120, 1A XD 0DMR 7' 1 — 7 ki1
(] 5 nm ) ZHSBUCT2MERH D, Mo THAFTCINZRALNTEZM, 5
Kif-0F ) XA Y¥EL RTHAED ODMR 71— 7 2B % 2 LIS LIZ i3 o 7=,
ZOZEITHRATHD TR LIZZ &k, AMFROKRE 2Ty Re— 7L LTHEIT LN
o FleH = oT 4 T FELRESELR, EEREST 7 F URHECND 22— T 4 73
HHEITHKE LT, FRCT 2 F U E~D X —F T 4 71, ODMR OREIZL Y, 77 F ki1
DISBRHE R ORI OB 2 8 & L ClEliisd 2 2 & 2 OEEB R —#RHE TR L TVn A Z
CERLU, ZHIIYPNCHEIT - RE LR BEDO—D T, AHIEDE I VOEDDT > Rv— 7 1
MR TH D, FEBEAIERIZBNTE, v~ 7 2O VAR 2 RRIZR 5 Lo 12— K
VT O E, ENEFIH U IARRREREE O SEBRTIEOE A &7 — X BT O B % % i
Wic, b, WEFE- Y7 b7 OBA, WRITHEV, @O7 —Z LB & HEks, o
AT-BHR AT o 72,

(2) in—cell NMR TILE A'E OMIIEAN O EHRYLEL & WHETLE 2 FH] L in vitro O EEER LN
Z CHIMNE BB DT 5 Macromolecular crowding ZhiR45 2 kA L. & HE O ARG
BEIC 5 2 2 B A ARSI 2BLE N O LT LTz, F72. TR0 R0NE A8 O SLIRE &
SOMEREIC 5- 2. D B A fENTT 5 728D Rheo-NVR DIEEZBHFE L., MEEIT-72, ZOHIEICK
0. BERT —/VT 4 2 7DD LT 2R 4 FERFH TR & 7,



DS
(1) F7ZA4¥ELR (D) ZfEio 7o HpR I (0DMR) {EI22W T, OND '4:'“(‘”2‘/47“*
& LCHERET A8 /R e (2222l \V B % —) ZIERT 0 OB% . OND 12k 54
SR RN OBRFE, B L VONY B & —%

FIV BT SHE, % B LT --- -..

DIZ2OWTIE, BRI & A X 5 ND
DN &2 —TEk S O b & %ﬁt = .-....
S ALICE B N B ¥ — OB A EIE L ... ...
7=. Bz, BEEEIR CIEss 94 X (5 nm) OEFE
T/ﬁ%?%/%@m)¢ BEMEEFON
2 —% NTHINCTERRT 5 = LT > 7228 <
REZ LW AT rBEBILEWV IO T Tl Zf% Ul (M) % (B) o AT ERITHE,
AL T DND D NV &2 X — DR BN EL S M?ggkﬁkégf”” PR
NHZEERHLZ(X 1, Sotoma et al.,2018),

72720, 5mm D DNDII N o X —ERICHEHE SN T&E [7T=—0 7| OENENL
INTEL, E%VT)7w®¥ﬁT%Wﬁ/& DEFRIIITZ 72N E W) HEE D@ 72 -
TWe, F70, NV B —ERICHAER S 59 —DODERTH D TE IR (X kRO
{EFEEGDIR SN D T2, #8F {&E&Eﬁﬁ&@ IR 72 3 BCTE CIR A BUE M T 2 720 2
W?V&%ﬁ%%f%kkbf%Ban®W7D%7kLTﬂ%75_&i.%f%éké
NT&Ee, 22T, 7=—V U 7ELTHEFHRBIOLTDIND F DN & ¥ — R ATHE
DL BAHRIRE TR A D R I OfLAERE G VAR & BEER OIREE T T 1200CNET 5 =
ETCUIMI SN TS5 nm OHEGEHDIND GO 2R L, TttRRINEFE Y —] EFF
SNDHMND ODMR 7' e — TR 23T 5 2 LR THIO CTREI LTz (Terada et al., H
TR 2019, BRI 6/7 ), F. ARIIZOTENEEERD, ODMRICED 1551
JVOFHRINATREIC 2 > TV Z &I &SN D,

QIZHOWTIE, ND ORI ZREKETIEE LT, O THEERT Ry MEKRY ~—(bi
Wi BR%E L7z Z O F4EIT ND & IR OFERIE
PG T HERICRIE & 7 D ARy 1 & DI o

NV o 2 —@REgA A= 7

o,

\Hﬂ?‘—kl

w B o, - N
RESI A 2 BEBR T 2 5D 7 Tl D | Bk Qb 7 O
fb#%D ND 1Z7ax ) o h—NEHAFRETH FND-COOH FND-HPG- COOH O?}i:)__}:
5. WIZ ZOF e BT L LT, <7 F K Gt

DR — T ¢ ST L HKAE ND % AL FND: fluorescent nanodiamond HPG*’\/‘NVU’J»M
BF 52 LT, MIANOEREE (3 h=o K e

) 7R Y) 12 ND A RNEREICEET S T 53/%§@1@f%§fﬁ§?5§§§
1EaMENL LT~ (Terada et al., 2018), %, MR FEZMHE LT

F@IZHONWTIE, EAYERALEE L7 ND
DN X —%FHLT, AEEEOWRER
W7 CEAREEIE BRI D 28R T A —F 2 X OLBIEFRETH D Z L A FFE LT, FF
2. A X (5 nm) ONDZHWT, AERE 1 E CORBREIEFH T2 L, F /22
MOIREF A FEMATRETH D Z & ODMR &2/ L ClBfifg A A —Y 7 L LCRIAREE S 2
L P oOFEKEEE FEiE U7z (Sotoma et al., 2018), 7=, T EIFHNCI har R Tk
BELZND 2 W IREFHI O SEGEZ EI2 b k3 LT % (Terada et al., 2018),

(2) in—cell NMR ClI%E EE@%HH@W@[E%#%{&]ﬁ:@?f%ﬁ%mﬁﬂL B FHEMRED
REAE ONLIREEPHEEEIC B 2 2 B2 iR ) FRBLE ) ORI 5 F 4 Hfa LT,

Bz 1% in-cell diffusion NMR Z FHW/=fEHTOFE R, 150N MIE 12 E %, in vitro
T? Rheo-NMR DB CHBL L E &IN5 & WO IRNBAFIED—>DT O T4 Th
%o Rheo-NMR IZDWNT, FREHIBYIBIHE 2 N 2 7228 H NMR JIE A T & 287 e L& Bs Lz,
SR 3 i DH T AREEAMES mm O NMRE AL, AEF—HIETNR FL2EIEESE5 2 &



3

S BN IR 2 52 5 2 LR D, Bk

{fii tt’\%1ﬁf\ *@{&{570‘1 *‘7\%%@ NMR % —MAS transfer tube
EICHEHATED (K3) ., BUE, AFEIX

—Reducer connector

—3-mm o.d. glass stick w

— Spinner = E

Rheo-NMR V£ & U CTH AR R M &EE - 0f#RE T o
2

BRI R &2 o BEERTH DT I e
A FRRHEDOTERR A9 5 Z & /5. Rheo-NMR
HBIET v A REMERG R E U 7L 2 A B2 Ve e
FOREE BT 2 Z L ICHEATH D, HZEH
PERIZRRFAVIEIC B G 5 A — 3—F % R4 NMRsample
Z—+¥ 1 (SoD1) ([ZBAL T, 7 2 mA NERHE
BRICHEAETA2FA 770 T2FIHT 52

X3 AEF—335 L7=4ME 5 mm NMR &l

LT ASIYAE NUR 1 CRAT S FRUE 70 45 BT SR 3 DA T ABERAT D2 T
B L OBHEDTERE Y TV X A L CIBUT % RheoNMR IADREE T T e

ZE Nk (2017)

5. FARRM LS

Cieasamsc) Gt 27 1)

1. Terada D., Segawa T.F., Shames A.IL., Onoda S., Ohshima T., Osawa E., Igarashi R., Shirakawa M.
Monodisperse Five-Nanometer-Sized Detonation Nanodiamonds Enriched in Nitrogen-Vacancy
Centers. ACS Nano in press (2019) #£#¢4, doi: https://doi.org/10.1021/acsnano.8b09383

2. Terada, D., Sotoma, S., Harada, Y. Igarashi, R and Shirakawa, M. One-Pot Synthesis of Highly
Dispersible Fluorescent Nanodiamonds for Bioconjugation. Bioconj Chem 29:2786-2792 (2018) 4t
#tA, doi:10.1021/acs.bioconjchem.8b00412

3. Shingo Sotoma, Daiki Terada, Takuya F. Segawa, Ryuji Igarashi, Yoshie Harada Masahiro Shirakawa,

Enrichment of ODMR-active nitrogen-vacancy centres in five-nanometre-sized detonation-
synthesized nanodiamonds: Nanoprobes for temperature, angle and position. Sci Rep 8:5463 (2018)
A,

doi: 10.1038/s41598-018-23635-5.

4. Sotoma S, Shirakawa M.  Monodispersed Colloidal Solutions of Surface-modified Detonation-
synthesized Nanodiamonds and Their Aggregation Resistance. Chem Lett 45:697-699 (2016) #Hif,
https://doi.org/10.1246/cl.160250

5. Sotoma S, Igarashi R, Shirakawa M. Moderate plasma treatment enhances the quality of optically
detected magnetic resonance signals of nitrogen-vacancy centres in nanodiamonds, Applied Physics A
122 :522 (2016) #meA, DOI: 10.1007/s00339-016-0030-y

6. Sotoma S, Igarashi R, limura J, Kumiya Y , Tochio H, Harada Y, Shirakawa M. Suppression of
nonspecific protein -nanodiamond adsorption enabling specific targeting of nanodiamonds to
biomolecules of interest, Chem Lett 44: 354-356 (2015) 5 A, doi.org/10.1246/c1.141036

(k] Gt 221F)

1. Masahiro Shirakawa, 2018 Korean Magnetic Resonance Society Symposium, “Magnetic

resonance spectroscopy of single nanoparticle - a quantum sensor for molecular and cell
biology”, 2018.6.28 BE/K. [
2. BNEZ, \FAEMBIAIEREE 2 15 2 FEiits (44 vE FNVHLAE-o 72
BTer v 7051 - fMlaAEDEA~OIEA ] 2018.5.10 BAURSHRAE G, BT SO
X



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

(1) £ %2, the 7th Yamada workshop on RI Science Evolution (RISE18), Cell biology
using nanogyroscope by optically detected magnetic resonance (ODMR) spectroscopy,
2018.3.17 KB K8 FUEMFFERT, KRR

FJIIEZ, ComBio 2017 U—2 v a v, XA YEL RNV HLEfliol@&EfrE v
T D5 - MIRAERFA~OIEA, 2017.12.8  #FHR— NET ATV, METH

[JIEZ, 5% 56 [F NMR #tiwss (2017)

, R AR AR IRIE I K B MRS T 5 1 0 FiEB OFHA], 2017.11.14-16 BRI
I, BN -1,

BB 72, (b #HF7EAT NMR EEE S o R YD A 2017 : DNP-NMR U —7 ¥ 3 v 7 ek
BRI TE 2 o 7o AR 0 KBTI 2017.11.10,  FUBDRSFIAT 2 /3R, 50D
T

HJI1E72, 5th Awaji International Workshop on “Electron Spin Science & Technology”
Biological and Materials Science Oriented Applications, Cell biology using nanogyroscope
by optically detected magnetic resonance (ODMR) spectroscopy, 2017.6.20 #4%FH, It
o W i

F)IEZ, 5 64 BUSHIMBL AR PIGERS, YA YEL PNV LEffiol &1k
VI T DT MR A~OISH, 2017 453 A 25 B, /N7 ¢ ik, BT
FINBZE, I=vrRyys Aamfts s B8 - 7/ =L - BIRORBE

Interdisciplinary field :  [Life science] - [Quantum technology| - [Nano electronics] ,
A F 23RS B D ERSF R V77 2017 42 H 28 B BUR TR,
HORUER H AR IX

FUNEZE, % 39 [BlH ARFAMFaFe, SRR ILE LM - T @ ee A A —
V72016 412 A 1 H, /U7 ¢ ki, BRIk

FUINEZE, #5655 mEAE A = 2% (SEST2016) , T/ XA ¥ NE#H#HIZ
X5 EEEMEERT, 2016 4511 A 11 H, KBRS KRFEARF v 3K, KM

Masahiro Shirakawa, The 27th International Conference on Magnetic Resonance in

Biolgical Systemes (ICMRBS) , “Cell Biology using nanogyroscope by optically detected
magnetic resonance(ODMR) spectroscopy”, 2016 4 8 H 25 H, st#lEER A, sk i
FJIEZZ, KBRS E BT 27— IRP Seminar “Protein NMR Beyond” ,
Actions of cellular macromolecules observed by magnetic resonance spectroscopy” 2016 4F
6 A 3 H, RERKFEAEHFEHT, KB H

F)IEZ, AAFha®E EYERRS LY WHRES SRS, EWREESHa. B
AR R T L Dl LWER Z B ek - MBRIEAsaonise] , ERS+
M OIEIAGRESFH EAENC B3 2 WER b 2RIEFE) 2016 425 A 20 B HURHEHEX
FUNEZ, et bR RyEIc L 2/l - AR oAl A —Y 7, OEE, KRS
HEAENERTE X —, KREBCRFE B EISERT, 2016.4.28, KRR H i,

Shirakawa M, % 38 [5] H &K%y F2F4%, In cells and in vitro studies of ubiquitin
chains and proteins attached to them 2015. 12.1, #fiF[EE S, 7,

FUIEZ, % 156 BIHAREAE(CFRFES, ¥4 vEY FhFoEH-Z2FP.0 (NVC) %
WK - fifan T Py A v v VP FEOBSE, 2015426 A 26 B, flEdHb
TR —, fEET,

FUINEZE, TWKAEESERS Y >R 7 A, High-resolution imaging by using optically-
detected magnetic resonance ,2015 4F 11 A 13-14 H, JUNKZE HHERES ¥ o3&, 1
fi] 77

Masahiro Shirakawa,

the 16th Beijing Conference and Exhibition on Instrumental Analysis (BCEIA) ,

Magnetic resonance study of structures, functions and dynamics of proteins in
living cells, 2015.10.28, Jtit, ¥ A B4 [E

FUINEZ, KIRRFEAENZETE X — R o R4 5 AmBl it o)
2015.4.28, KBCRFmH AEMIERT, KR H i



m
N

21. Al
M
22. ANEZ, BARIZESEHRIEETS FHRZEBAT 4V FTATIA N = VR T L,

, KRR VB ETE X —.2014.12.19, KRIROKFE A BEMFIEHT, RIFFR

DNA A F AL OREE AW & In-NMR 2 X 5N TO Z 37 B L FEH OB O

ez, MAEERESES, 2014.11.27, #hET

(o) GF 24)
1. BARREHRE 200946 A 3 B #if] [H/hoE1v ¥ — ZALOMARAAfRE~)
2. Rl 2019 4E6 A 7 H MERE/ I NOBFE LY —]

6. WF7EHR

(D) WF7esr

e HE K4
n—<FER4

AT IS4
FYSEA

[ 2

WHgEEE S (841) -

(2) HHE )7

HEMEE KA R ZEA

T —~<F K4 : (TOCHIO, Hidehito)
PrE it seisBa4 « RERR S
R4 - B R

W4« 2%

fFgeE & . 70336593

KEFEIC K D581, IFREOBTE L BFEICBWTERT 2O T, D7, WO RV RDARKEIC

DNTE, EOZEEFEICES < bO TR, £ ORI T 2 RAFLTIEL, PFEEEAREShET,



