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basics of bioNMR

Nuclear Magnetic Resonance （核磁気共鳴法）
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Methods for Protein Structure Determination

method principle state of samples features

Xray crystallography diffraction 3D crystal reliability 
high resolution

NMR spectroscopy solution dynamic and
interaction 
information

Electron microscopy 
crystallography

diffraction 2D crystal 
in amorphous ice

suitable for 
membrane 
proteins

Electron microscopy 
Single particle 
analysis

image 
analysis + 
diffraction

solution 
negative staining or 
in amorphous ice

no crystals 
a number of 
state
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Nobel prizes in the field of NMR

Rabi, I.I. Physics, 1944:  discovery of magnetic 
resonance 
Bloch, F. & Purcell,E.M., Physics, 1952: chemical shift 
of 1H resonance 
Ernst, R., Chemistry, 1991: multidimensional  FT NMR 
Wuthrich, K., Chemistry, 2002: protein NMR 
Lauterbur, P.C. & Mansfield, P., Medicine, 2003: MRI
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NMR spectrometer

PC for control

超伝導磁石 
superconducting magnet

NMR tube

ＮＭＲ分光器
spectrometer

A 14 Tesla magnet, but conventionally 600 
MHz magnet, because the NMR frequency 
of 1H (proton) is 600 MHz in this magnet
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 超伝導磁石 superconducting magnet

超伝導材料 
NbTi 
Nb3Sn 
NbAl 
MgB2

at 2K~4.2K in liquid He

surrounded by liquid N2
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クエンチ！　Quench!

Sudden loss of superconductivity causes explosive boil-off of liquid helium
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Bruker (Switzerland) products
1000 MHz = 1GHz 

superconducting magnet in the world

In Japan
950 MHz in Osaka U and Yokohama City U
900 MHz in Nagoya U
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Bruker (Switzerland)
1200 MHz = 1.2 GHz

More than 10 orders, but still
undelivered

1.3-1.5 GHz magnet is now 
under development   

superconducting magnet in the world
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The higher magnetic field, the better performance?

magnetic field (B0) dependency
sensitivity　∝　B0

3/2

resolution　∝　B0

chemical shift anisotropy　∝　B0

magnetic field alignment　∝　B0
2

“NMR time scale” for an exchange process　∝　B0

Some measurements are better at low magnetic fields
Nucleus with large chemical shift anisotropy 

13C carbonyl carbon is best at 600 MHz 
31P phosphorous is best at 400 MHz

Wider spectral width at higher magnetic fields demands higher 
decoupling power

But, fortunately, the adiabatic pulses (Wurst, Chirp etc) eased the restrictions of the high 
power levels
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A nucleus behaves as a small magnet

hydrogen spin quantum 
number I

isotope abundance 
ratio

1H ½ 99.98%

2H 1 0.015%

3H ½ 0%

carbon spin quantum 
number I

isotope abundance 
ratio

12C 0 98.9%
13C ½ 1.1%

14C 0 0%

0 strength of magnetic field

energy

ΔＥ ｈνN

S
magnetic field

I=1/2

Some nuclei (not all) have a nuclear spin

An NMR active nucleus absorbs or emits electromagnetic wave 
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 量子力学的記述と古典力学的記述

量子力学的記述 古典力学的記述

アボガドロ数の磁気モーメントの総和：
巨視的な磁化Ｍ
Macroscopic magnetization of Avogadro 
number of nuclei behaves like a classical 
object

磁場 B0

quantum description vector model

M2=Mx2+My2+Mz2

M

１個の原子核：微視的な磁気モーメントＭ
one nucleus is a quantum spin with magnetization

M2 and Mx,  My or Mz can determine simultaneously

Mz and Mx2+y2 can determine simultaneously

Any pair of Mx,My,Mz cannot determine simultaneously

Bloch方程式 dM/dt = M x γB = M x γ(B0+B1)

quantum mechanics classical mechanics

I = ½
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Bloch equation, ブロッホ方程式

x y

z d M /dt = M x γB0 

angular frequency (rad/s) 
ω0 = γB0 

Larmor frequency (Hz) 
ν0 = γB0/2π

磁場 B 
(0,0,B0) torque

M

vector product a x b 
| a x b | = a b |sinθ|

θ

a

b

a x b

θ

precession、歳差運動
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Pulse, パルス 
short-time irradiation of electromagnetic wave
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A pulse (B1) rotates magnetization M 
along x’ or y’ axis in real space

     Mx = 0(constant) 
     My = M0 sin(γB1t)  
     Mz = M0 cos(γB1t)  

θ = γB1τ
precession (nutation) about B1  

→　θ degree pulse

     90-deg pulse

     180-deg pulse

x’ and y’ axes are in rotating frame

B1
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パルスと量子力学的記述

A pulse creates phase coherence  
in quantum world

A pulse rotates magnetization M 
in real world
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Magnetization M in the x-y plane creates electromagnetic force 
in detection coil in an NMR probe

x y

z d M /dt = M x γB0 

angular frequency (rad/s) 
ω0 = γB0 

Larmor frequency (Hz) 
ν0 = γB0/2π

磁場 B 
(0,0,B0)

M

θ

precession、歳差運動

electromotive force in detection coil

FID (Free induction decay)

time (s)

projection of M 
in the x-y plane
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 NMR Probe

various types of probes for various nucleus 

observing nucleus is detected with the inner coil 
decoupling nucleus is irradiated with the outer  
coil 

various bore size for NMR tubes: 
1 mmϕ、2.5 mmϕ、5 mmϕ(common)、8 

mmϕ
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Cryoprobe or Cryogenic probe

Reduction of thermal noise by cooling the detection coil and preamplifier with 
cold helium gas (25 K)　　　　　　　　　　　　　　　　　　

   → 4-fold increase in the signal-to-noise ratio

♢good for dilute samples

♢natural abundance measurement
♢single FID → 4D NMR 

◆bad with high salt concentrations 

◆probe exchange is difficult
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Basic pulse program

 90deg pulse

FID
1s

delay

10 μs
100 ms

a coil
in a probe

generate

detect

1H

repeat n times to accumulate FIDs

switching
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FID (Free induction decay)
FT

time (s)

Fourier Transform

FT

t
frequency

amplitude

calculate frequency distribution

signal intensity as a function of time signal intensity as a function of frequency
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1H & 13C spectra of a protein

1D 1H spectrum of a protein
CH3CH2Harom CH3

CHC=O CaromCH2CHHN

ppm ppm
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化学シフト chemical shift

Magnetic shield by electrons　→　difference in resonance frequency, i.e., chemical shift

m
ag

ne
tic

 fi
el

d

m
agnetic shield

the first 1H NMR of a protein

HDO
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Chemical shift in proteins originates from the three-
dimensional fold of proteins  

●Charges, double bonds, and aromatic rings in the surrounding 
environment affect the chemical shift

●Microenvironment depends on the folded three-
dimensional structure of proteins

random folded foldedrandom

folded

random
4 Tyr 3 Thr
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J coupling or scalar coupling

Overlap of bonding electrons → J coupling (through bond interaction)
in Herts (Hz)
independent from magnetic field

N

S

J coupling effects are mutual

1H in OH is decoupled due to the rapid 
exchange with the solvent 1H

N

N S

S

HO -  CH2  -  CH3

triplet

quartetsinglet
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Peak splitting due to J coupling

number: the n+1 rule
intensity: binomial distribution 　　　　　　   
（２項分布）　　　　　　　　

1:3:3:1 1:1

coupling constant depends on the 
dihedral angle of the bond

HN-N—Cα-Hα

ϕ

ϕ

CH3CH

-CH-CH3

quartet doublet
Karplus equation
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Coupling constant is independent from the magnetic field

750 MHz

500 MHz
better peak separation
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a bit complex pulse program

p1

FID
d1

1H

13C

Grad

d2 d2

p2

receiver coil
in a probe

irradiation coil
in a probe

gradient coil
in a probe

repeat n times to accumulate FIDs
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Gradient probe

generate a gradient of weak magnetic field in a probe 
magnetic field gradient along x, y, and z directions for a short time (1 ms) 

many important applications: gradient shimming, coherence selection with 
gradient, removal of unwanted signals, suppression of radiofrequency pulse 
imperfection

+

-
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a multi-pulse program for  2 dimensional measurement

p1

FID
d1 detect

1H

repeat n times

t2t1

p2

fixed variable

t1=t10

repeat n times t1=t10 + Δt1

repeat n times t1=t10 + 2Δt1

… …

repeat m times
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 Party with Dr. R Ernst (Aug, 1991)
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a multi pulse program for  2 dimensional measurement

t1=t10

t1=t10 + Δt1

t1=t10 + 2Δt1

…

repeat m times

FID0

t2

FID1

FID2

FT

FT

FT

amplitude modulation

t1/F1 axis

  t2/F2 axis

transposition

interfenogram
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Mixing mechanisms during tm generate cross peaks

 J-coupling
  NOE
  chemical exchange

 diagonal

t2t1 tm

 cross peak

 cross peak
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Pulse programming is easy
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multi-dimensional NMR spectral measurement

X-H ~ H-Y X-H ~ H-Y X-H ~ H-Y

H
H

H
H

Y

H
H

Y

X
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Comparison of 2D and a slice of 3D
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Protein NMR

The meaning of Assignment is to assign each NMR peak to a 
nucleus in the molecule

sequential assignment （連鎖帰属 ） 

　[1H], [1H,15N]

triple resonance assignment（トリプル測定帰属）
　[1H,15N,13C], [1HN,15N,13C,2H]

Kurt Wuthrich

Ad Bax
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Acknowledged in 1986 as the method of 
protein structure determination

Kurt Wuthrich
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2D NOESY
3D 15N-edited NOESY

An NOE (nuclear Overhauser effect) peak is observed  
if the distance of two 1H nuclei is less than 5 Å 

NOESY spectrum 
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NOE provides the upper limit of short interproton distances (4 ~ 5 Å)

A large number of NOE peaks is necessary for protein structure determination

a pitch of α-Helix is 5.4 Å

1084 distance constraints shown as the yellow sticks

Type III AFP (7kDa)

Calculate an ensemble of structures that satisfy 
the 1H-1H distance information
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NMR properties of biological nuclei

1H 2H 3H 12C 13C 14C 14N 15N 16O 17O 18O 31P 32S 33S 34S 35S

spin 
quantum 
number 

I

1/2 1 1/2 0 1/2 0 1 1/2 0 5/2 0 1/2 0 3/2 0 3/2

abundance 
ratio % 99.99 0.01 RI 98.9 1.1 RI 99.6 0.4 99.76 0.04 RI 100 0.74 RI

γ x 107 26.7 4.1 28.5 - 6.7 - 1.9 -2.7 - -3.6 - 10.8 - 2.0 -

Freq 
(MHz) 100 15.3 107 - 25.1 - 7.2 10.1 - 13.6 - 40.5 - 7.67 -

γ: gyromagnetic ratio

600 MHz in a 600 Mz magnet 60.6 MHz in a 600 Mz magnet

stable isotopes suitable for protein 
and nucleic acid NMR (I=1/2)
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a trick using stable isotopes 

1H, 12C, 14N

protein with natural abundance stable isotope labeled protein

1H, 13C, 15N

13C glucose 
15N ammonium chloride 
 in a minimal culture medium

selective observation of one subunit in a complex

1H, 13C, 14N 1H, 12C, 15N
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exchangeable protons with bulk water 

acidic to neutral pH 
below 8 is necessary 
for the measurement of 
backbone amide protons

pH

lo
g 

k 
(m

in
-1

)

k = 104 min-1 at pH 8 
→ 
life time of  only 6 ms
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Rotational correlation time (∝molecular weight of a 
protein) determines the line width of NMR spectrum

7 kDa

25 kDa

50 kDa

ro
ta

tio
na

l c
or

re
la

tio
n 

tim
e

(n
s)

Molecular weight (kDa)
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Ribonuclease A

2AAS

1AFK, 1XPS, 
8RSA, 1RPH, 
1EOS, 1QHC, 
1RPF, 1BEL, 
1RNW, 1RNX, 
1RNQ, 1RNY, 
1RNN, 9RSA, 
1RNZ, 1RTB, 
1RSM, 1RBB, 
1RTA, 1DFJ, 
1RHA

a single NMR structure overlaid X-ray structures

ensemble of structures in solution snapshots in crystals

An NMR structure vs crystal structures

PDB

PDB
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a test for checking attendance
•出席を兼ねて，小テストをします．
•馬出キャンパス事前に用紙を配布，終了時に回収
•伊都キャンパスと箱崎キャンパスは，　　　　　　　　　
次のスライドと最後に問題を提示する．　　　　　　　　　　　　               

回答は神田までメールで送る
メールアドレス：kohda@bioreg.kyushu-u.ac.jp

今日の１８時まで

•do a test to check attendance
•For attendee in Maidashi campus: pass a test paper at the beginning and collect it at 

the end of the class.
•For attendee in Ito and Hakozaki campuses: the test will be shown in the next and 
last slides. Please send your answer to kohda@bioreg.kyushu-u.ac.jp

no later than 18:00 today

46

• NMR stands for (nuclear mitochondrial response or 
nuclear magnetic resonance )

• (1H or 13C) frequency is 600 MHz in a 600 MHz 
superconducting magnet  

• The observation of backbone amide protons is 
possible at pH (3 or 10)

Quiz
Choose between two options 

Send your answer to kohda@bioreg.kyushu-u.ac.jp
no later than 18:00, today
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