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Topics in medical life science

Nuclear Magnetic Resonance (ZBi IS E)

Methods for Protein Structure Determination

state of samples

method principle
Xray crystallography |diffraction 3D crystal reliability
high resolution
NMR spectroscopy [solution dynamic and
interaction
information
Electron microscopy |diffraction 2D crystal suitable for
crystallography in amorphous ice  |membrane
proteins
Electron microscopy |image solution no crystals
Single particle analysis + negative staining or |a number of
analysis diffraction in amorphous ice  |state

Nobel prizes in the field of NMR

S - e

~Rabi, I.I. Physics, 1944: discovery of magnetic
resonance

< Bloch, F. & Purcell,E.M., Physics, 1952: chemical shift
of 'H resonance

<~ Ernst, R., Chemistry, 1991: multidimensional FT NMR
~ Wuthrich, K., Chemistry, 2002: protein NMR
< Lauterbur, P.C. & Mansfield, P., Medicine, 2003: MRI




NMR spectrometer
NMR tube

._Sample
Tube

- B8 A
superconducting magnet

RF
Coil «—Lock
Location _.| | Solvent

- PC for control

A 14 Tesla magnet, but conventionally 600
MHz magnet, because the NMR frequency
of 'H (proton) is 600 MHz in this magnet

* NMR 73R

© spectrometer

super conducting coils

il (NbgSn)

53 A

ryoshim: max. 20 A
energy: 4.4 MJ

3 anti-vibrational legs.

B{rEW A superconducting magnet

750 MHz Cryostat

+——113em——> 1,600 kg

— - M/
» BEEMR
0s NbTi
o Nb;Sn

strength NbTi
; NbAI
0_0 5 5(m) MgBZ

at 2K~4.2K in liquid He

surrounded by liquid N2

liquid He 4.2K (-269°C) -0 -25
liquid Np 77K (-196°C)

7T>F | Quench!

Sudden loss of superconductivity causes explosive boil-off of liquid helium

superconducting magnet in the world

Bruker (Switzerland) products
1000 MHz = 1GHz

In Japan
950 MHz in Osaka U and Yokohama City U
900 MHz in Nagoya U
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superconducting magnet in the world

Bruker Announces Five Ultra-High Field NMR Orders from Europe and Brazil

Bruker (Switzerland)
1200 MHz = 1.2 GHz

More than 10 orders, but still
undelivered

1.3-1.5 GHz magnet is now
under development

The higher magnetic field, the better performance!?

magnetic field (B;) dependency
sensitivity o Bg32
resolution o« B,
chemical shift anisotropy o B,
“magnetic field alignment o« B2
~“NMR time scale” for an exchange process o« B,

> Some measurements are better at low magnetic fields
“Nucleus with large chemical shift anisotropy
213C carbonyl carbon is best at 600 MHz
231P 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

A nucleus behaves as a small magnet

Some nuclei (not all) have a nuclear spin
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hydrogen |spin quantum isotope abundance | |carbon |spin quantum isotope abundance
number | ratio number | ratio

'H Y 99.98% 12c 0 98.9%

2H 1 0.015% 13C Ya 1.1%

3H v, 0% 14C 0 0%

An NMR active nucleus absorbs or emits electromagnetic wave

energy

=12

magnetic field @

0 strength of magnetic field

11

BFNPIDM & ERNBNTE

= g o= e
BT HFMED B9 E7IRRE(thermal equilibrium) HEL N RYECR
quantum description , vector model
1=% low energy state random phase W =X i
M spin excess Mz
M2=M,2+M, 2+ M2 =
45 B,

high energy state
1EDRFH : HERNBHERE—X > MM FRAROBOBK[E—A > MO :
one nucleus is a quantum spin with magnetization ERMNREEM

Macroscopic magnetization of Avogadro

number of nuclei behaves like a classical
Any pair of Mx,M,,M, cannot determine simultaneously object

Bloch77723% dM/dt = M x yB = M x y(B,*B,)
12

M2 and M, My or M; can determine simultaneously

M; and Mse+y2 can determine simultaneously

12




Bloch equation, 70 v R AER

@ precession. RiEEED

d M /dt =M x yB,

Pulse, /NJLA

short-time irradiation of electromagnetic wave

radiofrequency pulse: pulse length (s)
shape
power (magnetic field strength)
yB1/ 2n (Hz)
phase (0-360°)

+-—T—> --—T—>

power factor
= Ashape/Arec

amplitude
amplitude

o
—

o
—

135 B Z M
(0,0,B,) torque angular frequency (rad/s)
0y = 7B,
0
Larmor frequency (Hz)
Vo = YBy/2n
X y
axb
vector product a x b b
|laxb|=ab]sing| 0
a 13
13
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A pulse (B+) rotates magnetization M
along x’ or y’ axis in real space

precession (nutation) about B,

M, = O(constant) —
M, = My Sin/Bt) — 0 degree pulse 6=1vBT
M, = M, cos(yB,t)
A 90°x
Mz 180°-x
B1

X and y’ axes are in rotating frame 0=90°  90-deg pulse

X' y
6=180°

180-deg pulse 15

INILR & EFNZERIER

A pulse creates phase coherence

A pulse rotates magnetization M

15

in quantum world in real world
z z "phase coherence” z
Wl =X
Mz 0
o [ _
“flip” =
along X’ X
% y' X' y'
net Mxy
16
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Magnetization M in the x-y plane creates electromagnetic force
in detection coil in an NMR probe

@ precession. RiEEED
W% B Z M
(0,0,B,) angular frequency (rad/s)
0y = 7B,
0
projection of M Larmor frequency (Hz)
% the x-y plane vy = YBy/2n

ol ’

d M /dt =M x yB,

electromotive force in detection coil

FID (Free induction decay)

time (s) i
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NMR Probe

Glass tubings

Decoupling NMR coil
Observe NMR coil

various types of probes for various nucleus
observing nucleus is detected with the inner coil
decoupling nucleus is irradiated with the outer e ﬂ
coil

Decoupling channel

> various bore size for NMR tubes:

o1 mmd. 2.5 mmd. 5 mmd(common). 8
mmd

Connector plate

vt-air connector o rf-connectors

Heater connection

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

voh

TRy 250

350

300

200

150

100 \
RT Probe TXI 600 Mz

Relative Sensitivity [%]

0 50 100 150 200 250

{good for dilute samples NaC! Concentration [mM]

ebad with high salt concentrations
{natural abundance measurement

eprobe exchange is difficult
{single FID — 4D NMR

18
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Basic pulse program

generate 2 coil
l / in a probe
90deg pulse switching
/ detect
IH delay
Is LUl FD
10 us
100 ms

repeat n times to accumulate FIDs

20




Fourier Transform

calculate frequency distribution
FID (Free induction decay)

FT
—]
_'—'_[_'_"V_"'_T_Y_1—|T7—'—,—
~100 0 100 Hz
time (s)
amphtude
551n2t

I AWAW 4sm5t<):(> | \I
t 3sm7t R

345678 4
frequency

signal intensity as a function of time

signal intensity as a function of frequency

21

H & 13C spectra of a protein

1p 13¢ spectrum of a protein

C=0 Carom CH CH; CHs;

1D H spectrum of a protein
HN Harom CH CH; CHs

(o} Carom Clliph.

backbone HN

aromatic

aliphatic |
side-chain HN
peeichan i

Ha

| A
il '*wJ‘MI"W, i &\MU\MM W 8

T T T T T T T T T

T
10 8 6 4 2 o
TH chemical shift (ppm)

T T
‘?3C 160.0 120.0 80.0
pPPM pPPM

400 [ppm]

{2 > 7 K~ chemical shift

Magnetic shield by electrons — difference in resonance frequency, i.e., chemical shift
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o
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4
HDO —»
the first 'H NMR of a protein IInN
| ]
0 197

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

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

@ Microenvironment depends on the folded three-

dimensional structure of proteins folded
(@) (b) @ P &”Mi* _A_Mumh,w
%

x

~
a3

3 . SELES

2

random folded random

folded

o M” il

UMLMM‘
@ bV 5 random “ | l
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J coupling or scalar coupling

Overlap of bonding electrons — J coupling (through bond interaction)

in Herts (Hz)

. oo 1H NMR Spectrum of ethanol
independent from magnetic field

HO - CHz - CHs

LA

OH CH2
quartet
S — N

CH3

triplet

LT

J coupling effects are mutual

8 7 3 5 ‘ 3
&

1 a

'H in OH is decoupled due to the rapid

exchange with the solvent 'H

25

number: the n+1 rule

Peak splitting due to J coupling

coupling constant depends on the

Coupling constant is independent from the magnetic field

intensity: binomial distribution dihedral angle of the bond
(25 7%) o
Hn-N—Ca-Ha
-CH-CHz3 TA T" 10 —
' /" N Karplus equation
quartet doublet ar \
ro \ —
ot 6L ’}' \\ ~
HE B ol \ / \
> * / \
o st -/ \ /]
7;: 7;(]7;: Iax 2  hetasheet \\/ \"u/ 1
| | 5 ; antipar ) i
F pfr i—hellx I*—hellx
1:3:3:1 1:1 %aa BT a 100 200
CH CH, b
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750 MHz ™ ) | | .
fMW IIKJ‘(W(ﬁW\@iMhMm; -f
500 MHZ 0 s il P | '” g
AW |

a bit complex pulse program

pl
IH
dl H d2 i d2 . .
receiver coil
; FID in a probe
p2
e ﬂ irradiation coil
in a probe
Grad D D gradient coll
in a probe

repeat n times to accumulate FIDs

28




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)
a b

z

- M,
K M,
=

- M, -

- M, -

= M,

- v v
%! '

_‘NSJ&,

X'

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

imperfection

a multi-pulse program for 2 dimensional measurement

repeat m times

dl H t) H ©
FID

fixed variable

- t/=t,0
repeat n times =t
- ti=t0+ At
repeat n times =t !
ti=t0+ 27t

repeat n times

29
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Party with Dr. R Ernst (Aug, 1991)

a multi pulse

program for 2 dimensional measurement

amplitude modulation

31

_ 19}
FT
tl=tlo FIDO b
— F A f\
. ti=t/0+ Aty FIDI —
repeat m times
t=t,0 + 2t @ _FT, N
I
4 1 4
M FT (12) ooy FT (t1) fo) o
A — —_—
AN~ ppasepanne ©
— B B; it 4
t2/F axis
32




Mixing mechanisms during tm generate cross peaks

(@ -—=C — -~ 1)~
D/WWWVW\D"“L’UMANM ¢ J-coupling
N Xﬁ % ¢ NOE
U /\/\AMD_’ /%_’H AN\, ¢ chemical exchange
nB JzB
cross peak o
!
¥
f
‘/*’2

Pulse programming is easy

2D TOCSY 2D HSQC
4 t1 -mix t2 AR A A A tz
13 t1

3D TOCSY-HSQC

¢

lnll t [—mmAIAI I IAIA t3
9,

Y | RN EE

TOCSY HSQC
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Comparison of 2D and a slice of 3D

w

IHF]

° oo ¢ w é.é'o + 0% | LT3N, V72
{1 27 %, :@“f"" g s

S . 2D 15N-cdited NOESY 3D 15N-cdited NOESY
00 : ". °0

. 3 ® 0 .

RO IE SN
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BRRLTE I

' ¢ % 00

oy E83NL82q

’
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Protein NMR

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

o sequential assignment (GESHIRE )

[1|-|], [1H,15N]
Kurt Wuthrich

triple resonance assignment (kU ZILAIEIRE)
[1H,15N,13C], ['Hy, 15N, 13C 2H]

Ad Bax

Acknowledged in 1986 as the method of
protein structure determination

oJ. Mol. Biol. (1986) 189, 377-382 J. Mol. Biol. (1986) 189, 383-386 /

Studies by 'H Nuclear Magnetic Resonance and Crystal Structure Determination, Refinement
Distance Geometry of the Solution Conformation and the Molecular Model of the a-Amylase
of the a-Amylase Inhibitor Tendamistat Inhibitor Hoe-467A

Kurt Wuthrich

204
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NOESY spectrum

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

F2

(ppm) Hen Egg White Lysozyme - . [
2D-NOESY (800 MHz) { {
0 . .
’ ot
2 oy 0
* T
o .
6 4 'b iy
T e
& i
8 g,
10 ’ . LT
es @
12 - S L]
2 10 8 6 4 2 0 10 L
F1 Gom) ]
10 9 8
2D NOESY H (ppm)

3D '5N-edited NOESY

Calculate an ensemble of structures that satisfy
the 'H-1H distance information

NOE provides the upper limit of short interproton distances (4 ~ 5 A)

zﬁ)

Type Il AFP (7kDa)

a pitch of a-Helix is 5.4 A

1084 distance constraints shown as the yellow sticks

A large number of NOE peaks is necessary for protein structure determination
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NMR properties of biological nuclei

Y: gyromagnetic ratio

stable isotopes suitable for protein
and nucleic acid NMR (1=1/2)

1H | 2H | 3H | 12c [13C| 14C | 14N | 15N | 160 | 170| 180 | 31P | 325 | 33S | 34S | 358
spin
quantum 1o L g 2| o (2] o | 1 [ 12| o [s2| o |12 o |32 o |3e
number
|
abundance | g9 991001 | Ri | 98.9[1.1| R | 996 | 0.4 |99.76 |0.04| R | 100 0.74 RI
ratio %
yx107 |26.7 | 41 |285| - |67 19 |27 | - |-36| - [108 2.0
Freq
100 [15.3 [107 | - |25. 72 [101| - |136]| - [405 7.67
(MHz)

600 MHz in a 600 Mz magnet

|

60.6 MHz in a 600 Mz magnet

a trick using stable isotopes

protein with natural abundance stable isotope labeled protein

N
A

(1H,12C, 14N ) mmmp ( 1H,13C, 15N )
\\\‘ //// \\\x ////

13C glucose
SN ammonium chloride
in a minimal culture medium

selective observation of one subunit in a complex

- . ~
N\
\

y 4 \
(1H, 18C, 14N |1H, 12C, 15N)
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exchangeable protons with bulk water

k =104 min-'at pH 8
N
life time of only 6 ms

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

log k (min-1)

OH (Ser, Thr)

OH (Tyr)

aNH;
_\SH(Cys)

N A ¥ F=iL (Trp)
N :

N

NH (bb)

Rotational correlation time (= molecular weight of a
protein) determines the line width of NMR spectrum

50 kDa

25 kDa

0

rotational correlation time

Molecular weight (kISa)

Fig. 1Plot of the vvciwn voriciouun winis, v, versus nvievurar weight for
a set of 39 proteins or protein complexes. The data scaled to 37° were
7 kDa obtained from Table 1 of Dayie et a/.¢ and supplemented with addition-
al data from three proteins (not scaled), including: flavodoxin from
Anacystis nidulans®, the 40,000 M, yeast elF4E in a CHAPS micelle (25°)%,
and the 64,000 M, trp repressor-operator complex (45°)¥. The two lines
indicate the range of correlation times observed in this set. It varies

between 0.32 and 0.84 ns/kM,.
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An NMR structure vs crystal structures

a single NMR structure  overlaid X-ray structures
4 PDB
1AFK, 1XPS,
8RSA, IRPH,
1EOS, 1QHC,
1RPF, 1BEL,

IRNQ, IRNY,
1RNN, 9RSA,
1IRNZ, IRTB,

1RTA, 1DFJ,
1RHA

ensemble of structures in solution snapshots in crystals

IRNW, 1RNX,

1RSM, 1RBB,

a test for checking attendance

HEZFRNRT, NTARELET

SBHF v /N AERNCARZRH, & TRICEIN
AREF v VIR EFEEF v IR,
RDAZA R ERBICHEZRRT 5
EIZFHEE TA—ILTES

X —)L7 KL R : kohda@bioreg kyushu-u.ac.jp
SHD 1 8kKET

*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
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Quiz

Choose between two options

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

® ('H or 13C) frequency is 600 MHz in a 600 MHz
superconducting magnet

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

Send your answer to kohda@bioreg.kyushu-u.ac.jp

no later than 18:00, today
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