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Fig. 1 Process and schemes of investigating protein three—dimensional structure
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Table 1 Calculation software of protein secondary structure unit and three—dimensional structure
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Fig. 2 NMR experimental methods for acquiring protein structural constraint parameters
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IBEPRAS, R4 1] [RIHE Sk 1Rk Adi 45
HABPARA M REE AN E 12 BT, T BRI
— Sy vk R AR S P B S g, R R
PR — B BRI RE G A R R
NE . BRISCERIGE RBCE LT A 75 a. —2
FRIREE 5 A7 45 1) SR RE AL R A IR 1 4 R S
(N Fe*45), FLREA Rt nT LU 2R 1 5 A 55 L
], $EWA: RDCAES " b, R HSMEE A T
HREAT D FIER R E S, BN A ) 5
PRI PR AR 10 /5 2L B RDC 55 . 8 FH A HLA)
AR 4 R (A Fer T R 4 i) . Bedkk-
BT . DNA GRS . BUn BN
75 T P VB e LA S B ) e D R A R 4 o) R
TEAE A 2 i ABIRP L E B A B, A
8 T TSR T g RS, RT3k 24
DA, JFA e 0 8 R e Y W
BRI, BTN A B A SLE T
FHERAFRSA A2 BAEAHAEER, Hik,
N2 SRR A O 8 1 T A B i sk s 2
2.4.2  HAhA: Py PRE A B AT 8 (5 — 4S54
TG R, — sy R R BT
NMR ff# MR R = ZEgs g ), sk fg

i % % 1% (Forster/fluorescence resonance energy

transfer, FRET) . Ak % 3¢ Bk 45 & B2 % $0 A
(chemical  cross-linking coupled  with  mass

spectrometry, CXMS) . /N X 5 4 8 B AR
(small angel X-ray scattering, SAXS) F1¥& 7 H 5
7% (Cryo-electron microscopy, Cryo-EM),

a. FRET

55 PRE 5 AR K15 B B3 29 S 8000 I 32 B
FRET {2t & 56 T - (RO B AR T, B 2R
BT NET T B A DO G ATAHIE— &
FRES (£920~80 A), Jf HEOGMARRE A 12t &
SR 59O G2 AR A R KA —E S,
B2, DG A 4 L BE B 55 78 247 9 32 AR Bk
A, iz RSB, AR A IR K
oG RSP S R BOR, FRET
RE AR MRCRE M . I, R4S FRET B4
e, FtEEfIZmmER (AL (5) )y

<Rp> = R(<E">-1)" (5)
A, Ry, g BRI 32 AR 51 Bk 141 22 Ja) A B
(A), ENFRETHERELECE, R, N Forster i &
(CHP B — 25 IR -2 AT B I A A R 2 o W
G HAR AARA PH RS . AlexaFluor 285¢ 645
. To OGS TR S Y] (TMR), 236
AR R SRR (FITC) . Cy3 flCy5
WA T, SH#EEE-FITC, AlexaFluord88-Cy5 Al
Tb*-Cy3 7£ FRET fg i i AR IR 5 50% i, R 77
B 38, 52162 A M,

TEfENT AR B = 4E 254 Jr T, 43 F FRET
(single-molecule FRET, smFRET) A3 415 21| /4 #5
BARSEOFEE G oy T ah e it sk, ATl r
WF5E3z s 1) ROEE TR A Y 8 i 4 s 58
f e N, Hads U EO0HHA (TMR) #l
A (Cy5) F3 e Vi 3] 7] % K T A% 1R Tl
(staphylococcal nuclease, SNase) HYJ P 4~ %F i fif
&, dE it smFRET I 5 F4> SNase 43 ¥ H* TMR Fi
Cy5 ZEW1 1 FRET REf R SR M EA 1 Z AR A
& SNase 731 Z A A 7E 4 1 B 2R 45 0 sl M B 7
RPN RV RN sl . AR B T A
Uite, SIWFEENA R, CECY EENZYIT L,
VTG ARGE T R smFRET W53 B K (1 T S 4540
15, BIARRTSE B R AR RR R AR B R 1Y
AT S ) 127 DL R SR S R R IR A A iR AT &
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8, XEETAREA R T HIN T iR A S A5
KA, DME B Sz 24 e

b. CXMS

CXMS 7 f& — Bl AR A3 A B HE B8 29 3R (sparse
distance restraints) M4 AR o %7 Rk R E K
A3 50 (K29 10~30 A), BF a2 1
SR ER H B 2 1) ) B A o A S R
XS S MR AR SR Al A TR, SR B 2t/
GrF IR E LR, R i SCEREE Ak R R
A5 B ACHRAE Y B IR e e N LR B 2 S,
254 NMR fif b7 25 11100 ) — 44k 1 "7, CXMS
FARM K & A A2 i A R, BT
Ph, X5 T NMROYE LA AT 19 e 4 Joa 2 B ) =
A 254, CXMS H AR Wos 1 5 I8 % . Gong
A ) i R AE — PG ) CXMS FR TR R 25 2
WSHI E(ER 22 6 AT /N, RENE E RS M
fiff Ay B 1 BT B S5 R A B )% . Peng 55 MY SR HIRL
(Rl BEBEFAME W ) B FR R A A 3SR 5 A i —
s M (protein disulfide-isomerase, PDI)
A BB A SO ™ HE R e B e b, 285
B2, 1 P A A LA BB 43 A, SR Crosswork 1A
AT A5 51 PDI ) R AIRE5H

c. SAXS

SAXS VA i X LR S8 (XK R
0.05~0.5 nm ., HU AR 0.1~5°) FRAGHE T AL
SR EE SR Z ROCER M, TR R BRI
Rob. i, RERRES . BIKEIRERF
B el SAXS BRI BT Y 4 R R B A TR AR
i s g NMR Y b 78 20 SROECHE BT LA,
SAXS 5 NMR AHHZ & 7] 4 e 28 11 BT = 4E 4514 g b
() B PR e e (R A RO 32 A XPLOR-
NIH Fl CNS 4§ 1224 260 Grishaev 55 "7 430 LR
4 B G (malate synthase G, 81.4 ku) AY RDC,
NOE Fl J#4 % U5 NMR 2 518 2405 SAXS I
RS I S S Erie S Vi = e eI 1 e
¥, Schiavina 55 "' il i NMR SZ5075 2 1 JE AR
OB E AN K i 4 oM
phosphoprotein N-terminal region, NiV-PNT, 406
NEER) MY nse, HES kI E
(ensemble optimization method, EOM) 5 SAXS #}
SRR TIC R A0, Ak R B A NiV-PNT
—YELE

d. Cryo-EM

Cryo-EM 38 2 ) A 1 BRIV R B B A 1Y)

(Nipah virus

FESIFA TR AR, Zoahfd B AR Ak J i R
BIPARE T —4E F%E Kl (Cryo-map), 14
R HERG B T = g R ] D 5 SAXS AR
FfBl, Cryo-EM FZ {4 /P s A 5544, (H5y
HERH . Cryo-EMEORAZE o1 B 1 R
fil, 5 NMR KAl HATA5 20 5 2 BE i 8 1 i =
e 2R P Gauto 55 1P % Cryo-EM 5 NMR Bk
M, R s A (QLALIT) By
+ TRAER TET2 2K (468 ku) B9 =HEL5H
Bardiaux 5§ ¢/ jiii i NOE 1 RDC 45 NMR %5 14 £
AR AR RNF YR E  (Pilus) 43F 19 PpdD iE
LR, 454 Cryo-EM 2% B K (43 HE %N
8 A) Myt A AR TR B 1) — RS54
25 BHHROFHESEENRT

B AR AR A 2 b SR AL T —FI AN Bz 3 1)
R, H AR APATE S A DEe Y,
BAE E 5l . MEEDT A RIEL | A EHIxHE S
FRIRGER A AT, B 1 B[] RUBE A B0 5 70
AR, 410 SRR G g B B, R RIAG Gtk
DZ A HARNRW &M, 2 RS0 &Rk
TENTRARXT H e, mAaw AR AR BT
ANFPRES Z WAL B R 22 K/ 0, Hir, &
R KRMFR R FEZRESEIEE (major state or
ground state) , T &AL (£95%) AIBEIFIRASHE
R AR ER A o 3 & A& (minor state or excited
state), M FHS ERACH Ao, Nt e
SRS Z BRI 22 S A Re R, i A gy
AR IR (invisible state) "M, FER SR A
SERE Z [R] A RR G 38 4l AR AT R A R o i st i) IRLUE
T (E3) el 2 NMR £ AR PRE ., b
P L. CPMG RD (cPMG it B 4 #l, Carr-
Purcell-Meiboom-Gill relaxation dispersion) , CEST
(fb 258 ity FIA% 7%, chemical exchange saturation
transfer) . DEST (WG A il M4 %%, dark state
excitation saturation transfer) "' H/D 3¢ #t ') Fo
ZZ 554 e A Hd 58 B Y RE IR &R B o B )
(ARG S bt (B RS 2 AoRb 2R 220, B anEeAAR i 45
GHBM . EARTE . R R0
S Do R AR R &R R SR 1) CPMG RD FI
CEST fE 51 41 # i 5 RUBE D kb 22 22 A0 Y 35 1 Bl
KA (K 3a, b)),
2.5.1 CPMGRD

CPMG RD % T [ Jig [0l (spin-echo) R,
PISTA] CPMG it i o ok o, AR A 2 A i A2 28
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Fig. 3 Timescales of protein motion and main NMR techniques in the study of excited state structure

[1, 4, 113]

B3 ZARMNEZHHREREURBESENARPHEENMREA - ™
(a) CPMG RDINZ (R,,,.: ARSI SO R, - OSSR M st iR 4) 5 (b) CESTHZR ([, Az
M SN B — AR IR L T A IRAS S 0RE 5 1 MhNSSIg , AT RICR A S e — R SRR SR I T R R (55 0

J5 gRahig. fATELsAscH; B TokEsc) .

I 7 AN ) 2 FE R H R S Y s PR R A RS, 43
BT 0.3~10 ms B} ] RUBEE R (9 2R 1SR B 451 (%
R T 0.5%) ", il an R A 'H-"N HSQC.
Methyl-HSQC 5% TROSY 45l i:{ £ &K, CPMG RD
AL RE H B S R AE THY . PN BT RCO LA
HE BCORH BE R 1) st B R (R,) B CPMG Ji %
(Verwe) “BALII K R ML (K 3a), CHHEFER,
(R 5 Ropin 225 ) AMUBBIEHE LSS SR R 5L K
A2 A A 0 S E AT TR SR A AR 5 1
FURTDASRAR S R A S IR R 56 R R 2R B A%
fe2tfi®s, AT RS ERTERNRESEAR =
Yrgfifay 1os. 120 1s1s2]

Bouvignies 55 "' 5 ] CPMG RD % AR 43 1] 3k
19 T BT R A S5 45 'H . “C AN LA
e ILA LA 8%, 454 CS-Rosetta 73 T A< A4 4
FeARIRAG T TR R U 1 il 8 A AR R A2
¥, BB TSR] 2 AR PR s X RS 5 R SV T
ZEMI 52 . Neudecker 25 15 5 17 CPMG RD 4%
AR5 T Fyn SH3 2544 378 ¥ & & 89 'HY, "N,

PC,. PCt FI'H b 2 AL B {H , MR RDC 3k 15
) HN-UN AL A= B ) (5 D S SR S8, 456
Xplor-NIH S8 5 i 471158, & B A4S Fyn SH3
SRR C o M ICIRAS, R85 1 2 B 1 K o B
Pr&f, Xn]Ree T BUE M AR 4EE L R
DL T R AR TR
2.5.2 CEST

CEST M Tt G 3 e S HEAE R 1] Uy 2~
100 ms. 7 iy 4 5~50 ms A & [ 0 & A 45
L IS B 81U = W5 i o O N R L O
CEST ¥4I 4 B2 193 A A A7 Rl i A 27 A8 41
FE R 1) T3 A% 36 4 1oy 5 5 I B 540 0T I LAk
Ko 3L ias, QR E H BAF 7RO SIS
P B A GRS, B4, 7 CEST 7r#r4h
SRl b T E S (adhZ), B8R
R ERE &9 PIAS B SN S NN =R A DO AR 02
M. W FH ChemEx # 4 £ (https://github. com/
gbouvignies/chemex) XHF 5 SR EHA TG,
AT DASRAG AL 22 A i 8w B0 IR AR & i DA S
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RS SIS EN R ) 2G5 E B Y, i
i 'H-"N HSQC 5§ TROSY 5E%:, CEST Rl kil £ ()
PR SR T ERE H. ONFIRC R R B Y BE Ak
ARG E e

CEST 5 CPMG RD A [f] Z Ab & 2 7F T .
a. CEST HT3di 5 T 55 A4 G2 A8 8 B [ 48 18 1 2 11 B
KA ; b, CEST LB 5k BN A i B2
SRR 2 H O ERG D5 ') ¥ CEST 5 RDC. PRE
DL FRHEROR MGG, R Pes T
MRS = 4509 V2, il Sekhar 5% 1 %
CEST 5 CPMG RD. 43 FXHEHARMES &, W5
2 BRHE AR A A A Rl P LR A S i R b B IX S
FECLREMOCH X, ARBCONGTIZESES
B Z 4L (amyotrophic lateral sclerosis) HYJ 254
A

3 REERKIEERTESS TREAESR
BRBRXEERE SR =45

31 SAFREBHEEEAMN=HLEMBHT

MO R T 10 kuBF, 8 R ARG
ia SR R Sy B e e, FEULNMR
VAT e H LRSS W F e S, 3 1T =4k
SEA AT ROXERE o X T 4rF B iR 2978 30~80 ku 1)
PR T, B R ] TROSY BXH A9 3D (8 4D)
LR AW E AR SRS  e fildn
Tugarinov %5 £ i “'/, TROSY % | 4D-HNCACO
HNCOCA #i HNCO,,CA, = I #E NMR, LI X
TROSY X /] 3D-HNCO, HN(CA)CO. HNCACB
FITHN(CO)CACB —#LfRNMR, %54 3D-HN(CO)
CACB F1 3D-HNCACB, 2D-""N-'H-TROSY-HSQC
Al 4D-PN, "N-NOESY, #J LL#§ N3 R 4 i G
95% LA ERYILIRIEYS (F48EHY, "N, BCt. PC M
i gE=cy) , BT EaENALRIT I L.
Bertelsen 55 ' #fi 38 SR IS NMR E A, f# AT
T DnaK #E [ (bacterial heat-shock protein 70, 70
ku) EHEMEILRRIF IS, 454 RDCAFSE T
DnaK & 45 45 43802 0] () A XHZ sh A Zs A ]
32 BABEERESEN=ZHEFNT

A T AR TE DR AR T 8 iy M KR 1 ot
BHEW, ENREEEEZNEYWIIGE, L,
NMR A58 8 15T 52 5 AR A = 2 45 g b fif e L
AYRE A EEE L SR, MREARE A
b B A3 BT 5 BU™ H A9 NMR {5 5 518 i
Io TR TR, HETENMR EAR

AR Z AR 0 7 TH O AT SR kg . 7E NMR £
AT, B % & Fiaux 5 U TH-EN
CRIPT-TROSY i FH T 52 #8 K& A i & & &
(900 ku), # 3t LA PO R AR T 43+ 117 GroEL
(bacterial chaperonin 60, 800 ku) 5-bZRIKH 4>+
f:1F GroES (bacterial cochaperonin 60, 72 ku) &
GHTE NMR BRI 225, 00 T2 A Rr 45 &
HIE AR

A B IR B L ) R R L R A R AR
FE R HR AL BB 45%~55%, Gl H AT R4 T
(AL 7K 45 FA 35 % 5 B AR AR A A A v 7 5
EESves i B Y e o N vy why 14 WA S ESI e
BEAME SRR T, 2 E e EA
i T ARPRIC, ARG ERETE XTI 7 1 A L R
5H (Ala, Ile. Leu, Met, ThrHlVal) 5% i
BT FAb . i T AR5 3 219 5074 NOE 25
YR SH T K S AR = 4454
WX R A FE R %L (Phe. Tyr fl Trp) AT
pUTEE Sl )i o0

GIETR RIS B I ) 2445 BT ik b
RETHEARWSEEMGEE, A1 TE2mbA
HE ARG S IIRER AR ', Huang 5 ") X)
SecB /TR (70 ku) B I iR 2 R IR R 3L 1) H
SN RO A R A SRR R AT T B A
it, UEZHHEZAEN (MBP, 396 ML) Al
BRPERERR B (PhoA, 471 DN IEMR) N SecB/r 1
PEAREE A RY), it = 3L NMR #13D BC/N-
edited NOESY Xt I i I+ fbdn 10 58 A i 4R (55
YEATHJR . Z0HF T SecB/MBP 5 SecB/PhoA & &#)
170 FHINOE {5 55554k, KINFE SecB 7+ TR
3% 22 19 5 7K 28 I A AE 51> 5 PhoA 45 & 1Y Air
ST A5 MBPES A HINL, 488 T SecB o T1
1B MBP Fl PhoA JIEH I MLER K KA & A4
IR

Saio & " XF 4 G AR Y ik & T (trigger
factor, TF) HEf7TH IEGEFEMERIC KO 7 sk SL ik
PR T, Zad NMR 5283545 17 3 & 1 Akai 07
RS 53 F M) NOE FE 2515 &., #7111 TF/PhoA
BEY (200 ku) =445k, XS PEME T 1L
FRic i i A b e R AR 1 o A A AR =4
4546, 40 Dnal/PhoA B &%) (111.5ku) ™, 208
T 1 B R%  F0kE (208 CP, 1000 ku) M7 OFN
SecA TR (204 ku) "7 &,
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4 ZERIREIEESEE S TEREITEER
REBRR =45

4.1 EBRRVABSEEENEE
4.1.1  FE TR PR i AR

FE B A AR ) AT A X e H AR
FIVEICHE 127 v S R B 15 1 R 4 Bl
¥ FRENR), 2t TH RIS 2 H AR 8 AR iR
SHESER . KR SR N 7 vk F A HHBlits
AT LOMETS % "7 31+ BT 15 40 45 I-TASSER
F1SWISS-MODEL 45 175170 2 AR ok 32 A7 [w] YA
BTSN . VRS HinE A S
RROMR 1) 2 R 3 1 B4 T ek, e th 5 H AR ER (T
FESEAL L [RHR AN, SRA AR Y — 4451
SAIETR Y AL bR o B AR 25 4 IR SR S5 F 2R S 8K
GG EAE A B AR R T ) IR S A AR A
O3 BRG] . BGRR[0
fli 4 L8R B, BTk AR RENEN
AT e BAT AR 2548, e [RIIR Ay i A el fig
A s SO AL = SN B AR P R = a1
s, BRI ZELE: (threading) SRR BIEHE ZE
55 HbRER 0 EA AU BE R 45 40 5T 51 AR A
R T A TRAR U A THE Y, fRfb BARBE R
IR RS AR 7!
4.1.2 LT ICEHE PRSI ) AR

MTERE R OB 5 H AR B ZE f DT RL Y
BRI, — R M Sk AR e by 2 H A 2 1 B 1Y)
VIR EEFRERY  RIJEFIOEE PR I A . 1%
Jrks HAR s USRI EI /N B8, il it A
JE I Z AR AL #4) () Fr BRI E AR AR 1 0T B 45
WZEER, BiTE BB mEmFagitt, R
F AR R AL A i e 7 Be i, 13 28 HbraR
H ) iR a5 AR AR 1138754 Rosetta
(CS-Rosetta) "' SR, Bl 8 H T o
HAHEMRECH RN, 72K R WA G4 2 (A
(phase space) it 2RI N, X MK KEA
JO P ISR AR AR AR L PRI . T B4R B DA
SLARBUR AW PN & S, 50T 5 1 B il 52
TR AR BRI, i DAt R ae a7 /NVF 15012
LR 0B 1 T RIAR S5 MY 7 B A B R T A
AT 770 S IR ) B 1 TR a2 A AR 7
42 EAREHMEL

W LR ST 1 B 1 BT AR A4 5 S AR AR Y
SRS B G, SdaFah AR ARE

s/MEALER, ATASE) BARE IR =445 . 451
LY SR 32 R R T NMR F/N £ X528 B 5T 52
5, 45 NOESY W iy i f-[H]BE . PRE ZRIFAYK
FERE RS . RDCARMF A2 (B . B4 A e RS
fl2E A RS AR T A DL S B i S/ 58 i R AR AL
FHEAEHFHRIAE(E B 2 26 58 e aE Ry 2 i 2
B4 TR R 0120 DAk i AR 8 10T 25 A0 AL+
br, Zad 2wk, EEAE— (8—4)
55 25 ¥ 20 R S B0 — B0 H AR B H Y — 4
gk

5 Fit5RE

AT = e 25k 5 HAE Y DIReE UIARG, A
FEER T = 4RSS H A Bh T8 s H A D REpL
NMR J& — 7 55 2 (9 A7 2 11 00— 4R 45 K0 1 5 1%
WHERHEATREME (CN/ACAH) fridik, Lk
15 0 BRI v R B AR A 5 0 1Y) 1R 0 MR NMR %
. 8 PN/PC/H = HHRER 5 NMR A AR SS
A AR A 5 R B P AR R Y P A B T A
WSH, BHEARN %45 . NOE, PRE K&
RDC i R A 335 R 1 = 4S5 AR S0 (R
T 1] 25 [R] BE B A Ak A4 s R ) ), 483 NMR 4K
PRI TR A 5RO VTA M A B Y
AR5 . NMR 5 A AE Y Y F B (41 FRET.
CXMS. SAXS il Cryo-EM) M45i4, AU T35
TS MERY R (R = 4ES5 0 . NMR 54> e
BIEMLS G, RETE NP | IR AT R B
SHYELER . O NMR TR H R iR S 4G
P RO R 1 I B R = AR5 R i b, % T
W BH 2 1 e A i sl b R R A T Re A 5
A58 M (BRI S

S HRTE & T 27 NMR AR f# b7 28 (A 5
(= GEZhHy, AHE, FES RS AT 8 1 o =4k 4h
¥ 7 AT SR AT A6 5 ZE i — 2B WF S iy ) i, Bl dn
NMR FERFFE i85 53 I3 ik B 1 o S 22 TR AR 2R 1 T 1Y)
YRR AR RS 5 VS L R R
B O PPRBAR A ), 18 n] SR RE S
FETF NMR TE b 85 (R = e85 R i 1 FHAE, 48
TN 2 TR AE I D RERLAD
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Application of Nuclear Magnetic Resonance Spectroscopy for Studying Protein
Three—dimensional Structure’
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(School of Chemistry, Key Laboratory for Polymeric Composite and Functional Materials of Ministry of Education, Guangdong Provincial Key Laboratory

for High Performance Polymer—based Composites, Sun Yat—sen University, Guangzhou 510275, China)

Abstract The unique three-dimensional structure of protein is closely related to its biological function.
Therefore, investigating the three-dimensional structure of protein is helpful to reveal its biological function
mechanism. The study of protein three-dimensional structure in the solution state using nuclear magnetic
resonance (NMR) spectroscopy can accurately reveal the relationship between protein structure and biological
function. The aim of this article is to provide an effective strategy for accurate analysis of protein three-
dimensional structure using NMR and combination with other biophysical means such as molecular modeling and
computation methods through reviewing the research progress and latest technology in these fields. Firstly, we
summarize the theory of NMR for studying protein three-dimensional structure. Secondly, we deeply review the
theory and technology of NMR analysis of protein three-dimensional structure, including isotope labeling of
proteins (labeling methods, expression systems, and purification techniques), NMR data acquisition and analysis
software, analysis of amino acid sequence, secondary structural unit and three-dimensional structure of protein
using NMR and combination with other biophysical means (Forster/fluorescence resonance energy transfer
(FRET), chemical cross-linking coupled with mass spectrometry (CXMS), small angel X-ray scattering (SAXS),
and cryo-electron microscopy (Cryo-EM)), and analysis of excited state structure of protein molecules using Carr-
Purcell-Meiboom-Gill relaxation dispersion (CPMG RD) and chemical exchange saturation transfer (CEST)
techniques. Thirdly, we overview recent researches about application of NMR for analysis of three-dimensional
structure of high molecular mass single chain protein and supramolecular protein complex. Fourthly, we elaborate
the latest progress in the field of NMR combined with molecular modeling and computation methods. Lastly, we
summarize challenges and prospects of application of NMR for studying protein three-dimensional structure in the

future.

Key words nuclear magnetic resonance spectroscopy, protein three-dimensional structure, isotope-labeled
protein, structural constraint, excited state structure of protein molecule, three-dimensional structure of
supramolecular protein complex
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