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Course content

1. Introduction to solid state NMR
2. Nuclear Spin and magnetization 
3. Pulsed NMR and Fourier transform NMR
4. Anisotropic Interaction in solid: CSA, dipolar, and 

quadrupolar interaction)
5. Cross-polarization (CP) and Magic Angle Spinning 

(MAS)
6. 2H, 13C, 15N, 31P NMR spectroscopy and multi-

dimensional NMR
7. Molecular Orientation and Anisotropy interaction
8. Applications of solid-state NMR to Membrane 

proteins and β–amyloid fibril proteins related to 
Alzheimer’s disease 
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Nobel Laurents related to NMR







Number of spin states (2I＋1) :
A nucleus with spin I can have 2I＋1 
spin states. Each of these states has its 
own spin quantum number m ( m＝－
I,－I＋1,…, I－1, I ). For nuclei with 
I＝1/2, only two states are possible : m
＝＋1/2 and m＝－1/2.

0 ΔE

E

B0

m=－1/2

m=＋1/2

Nuclear Zeeman effect :

∆E＝ -B0(γh/2π)
B0 : magnetic field strength
h : Planck’s constant
m : spin quantum number
γ: magnetogyric ratio



(a) Nuclear spin and Larmor
frequency



Nuclear spin (I) :

A = Z + N

nominal 
atomic mass
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the number of 
neutrons

the number of 
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the number 
of protons
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A nucleus with an even mass A and even charge Z, and 
therefore also an even N, will have a nuclear spin I of zero. 
(12C, 16O, and 18O).

A nucleus with an even mass and odd charge (both Z and 
N odd) will exhibit an integer value of I. ( 2H(I=1), 
14N(I=1), and 10B(I=3) )

A nucleus with odd mass (Z odd and N even, or Z even 
and N odd) will have nuclear spin with an I value that we 
can express as n/2, where n is an odd integer. ( 1H(I=1/2), 
13C(I=1/2), and 17O(I=5/2) )

Nuclei with I = 0 cannot be detected by NMR.
Nuclei with I≠ 0 can be detected by NMR.
Different isotopes of the same element have different
nuclear spins, some are detectable by NMR, some are 

not.

N + Z (P) = A
12C :  6 + 6 (6)  = 12
16O :  8 + 8 (8)  = 16

I = 0

14N :  7 + 7 (7)  = 14
2H  :  1 + 1 (1)  = 2

I = 1

1H :  0 + 1 (1)  = 1
13C:  7 + 6 (6)  = 13

I = 1/2



Isotope Spin
Frequency (MHz)
at 11.74 T

Nature
abundance(%)

Relative
sensitivity

1H 1/2 500.0 99.98 1.00

2H 1 76.7 1.5×10－2 9.65×10－3

3H 1/2 533.3 0 1.21

12C 0 ------ 98.89 ------

13C 1/2 125.7 1.108 1.59×10－2

14N 1 36.1 99.63 1.01×10－3

15N 1/2 50.7 0.37 1.04×10－3

16O 0 ------ ～100 ------

17O 5/2 67.8 3.7×10－2 2.91×10－2

19F 1/2 470.4 100 0.83
31P 1/2 202.4 100 6.63×10－2

Properties of important nuclei 
in NMR studies of protein

Properties of important nuclei 
in NMR studies of protein



Larmor FrequencyLarmor Frequency



(b) Rotation spectroscopy



A classical description of Larmor Frequency

Any motion of a charged particle has an 
associated magnetic field; on a macroscopic 
scale an electrical current, which is due to 
motion of electron along a conductor, 
produces such a field. Current traveling in a 
loop has an associated magnetic dipole 
moment. This phenomenon also occurs on 
an atomic scale, for whenever electrons or 
nuclei possess angular momentum there is a 
magnetic moment. Since angular momentum 
is quantized on this scale, so are magnetic 
moments. 



Suppose an electron is traveling in an orbit at an 
angular velocity ω. Such motion is equivalent to 
an electrical current in the opposite direction of 
magnitude i = eω/2π, where e is the magnitude 
of the charge on the electron. 

The orbital angular momentum, denoted P, is 
mer2ω where me is the mass of the electron and r 
its distance from the nucleus.

Thus, the current is 

i = eω/2π = eP/2πmer2

The magnetic moment µ generated by such 
motion is given in electromagnetic theory by µ
= Ai, where A is the area marked out by the 
orbital. A = πr2

µ = -(e/2me)P 



Normally, nuclear magnetic moments are 
described in terms of magnetogyric ratio γ. 
The γ value of is defined as the ratio of the 
magnetic moment, P, to the angular 
momentum, µ. 

µ = γ P

In the presence of a magnetic field Bo the 
energy of an isolated nucleus is dependent 
of the quantum number mI.

In classical terms, an energy U given by 

U = - µ‧B = - µzBo

= - γħmIBo

∆E = E+1-E-1 = -γħBo



Suppose there is an additional weak magnetic field, B1, perpendicular 
to Bo. Such a field will also exert a torque on µ, tending to change the 
angle θ between µ and Bo. However, if B1 is fixed in direction it will 
alternately try to increase and decrease θ as µ precesses. Since B1 is 
stated to be weak, the net effect will be a slight wobbling in the 
precession of µ; such an effect is referred to as nutation. Alternatively, 
the motion of µ can be described as caused by a resultant field Bo + B1. 
If, on the other hand, B1 is not fixed in direction, but is rotating about 
Bo with the same frequency as the precession of µ and in the same 
direction, its orientation with respect to µ will be constant. Suppose 
this orientation is such that B1 is always perpendicular to the plane 
containing Bo and µ, then the torque exerted on µ by B1 will always be 
away from Bo. Consequently, a large effect on µ is possible. Since 
changing θ corresponds to changing the energy of µ in Bo, this 
condition is described as resonance-the frequency, υ, of the field B1
required must equal the Larmor precession frequency. 

Bo

µ

i

B1

F

θ



Without External Without External 
Magnetic FieldMagnetic Field



Bo
→

Bo
→

>> Mo  
→

Σ mi = Mo  ≠ 0
→→



Energy States for I = 1/2, 1, Energy States for I = 1/2, 1, 
3/23/2



Resonance Resonance ((共振共振))

LarmorLarmor precession precession 之角速度之角速度

ωω00 = = γγ BB00，，故故 ωω00 = 2= 2ππvv

亦即，亦即，如果我們介入一固定頻如果我們介入一固定頻
率率 vv，，便可準確的協調便可準確的協調
LLarmorarmor旋轉的頻率旋轉的頻率。也就是。也就是
說，介入的頻率與說，介入的頻率與 LarmorLarmor
旋轉的頻率發生共振旋轉的頻率發生共振。。



(c) Pulsed NMR and Fourier 
transform



Pulse NMR against CW NMR

• In the CW experiment, requiring 1 
Hz resolution over a 1000 Hz 
spectral width led to a 1000 s 
experiment time. Supposing it 
proves possible to analyze the 
response of the sample to an impulse 
instead, we can evidently complete 
this alternative experiment in just 1 s, 
because while the requirement for 
spending 1 s on the measurement of 
each frequency remains, we are 
measuring all frequencies 
simultaneously instead of one after 
another. 



Fourier transform 

• The Fourier transform allows us 
to interconvert the amplitude  
evolving in the time domain 
into the frequency domain :

• f(ω) = ∫ f(t) exp(iωt) dt
• The integral can be 

approximated as a sum of 
signals at different frequencies. 

≡ Σn Anexp (-iωnt)

A pulse can be expanded in terms of infinite 
plane waves 





3D3D--FID (Free Induction Decay)FID (Free Induction Decay)



Fourier Fourier 
TransformTransform



Bo

µ

Suppose there is an additional weak magnetic field, B1, perpendicular 
to Bo. Such a field will also exert a torque on µ, tending to change the 
angle θ between µ and Bo. However, if B1 is fixed in direction it will 
alternately try to increase and decrease θ as µ precesses. Since B1 is 
stated to be weak, the net effect will be a slight wobbling in the 
precession of µ; such an effect is referred to as nutation. Alternatively, 
the motion of µ can be described as caused by a resultant field Bo + B1. 
If, on the other hand, B1 is not fixed in direction, but is rotating about 
Bo with the same frequency as the precession of µ and in the same 
direction, its orientation with respect to µ will be constant. Suppose 
this orientation is such that B1 is always perpendicular to the plane 
containing Bo and µ, then the torque exerted on µ by B1 will always be 
away from Bo. Consequently, a large effect on µ is possible. Since 
changing θ corresponds to changing the energy of µ in Bo, this 
condition is described as resonance-the frequency, υ, of the field B1
required must equal the Larmor precession frequency. 

i

B1

F

θ



Detection and Acquisition

• Consider a proton spectrum recorded at 500 MHz. 
The various rf signals arising from the sample are 
all in the region of 500 MHz, differing only by 
the chemical shift range present. For protons this 
would typically be 10 ppm or 5000 Hz, so the 
frequencies encountered might run from 
500,000,000 Hz to 500,005,000 Hz. There is no 
objection in principle to attempting direct 
digitization of these signals. We are left only with 
the chemical shifts to digitize, in this case 
frequencies from 0 to 5000 Hz. 

ReceiverPre-Amp

Probe

Detector

Pulses

Transmitter

A
D
C

Continuous reference



(d) Chemical shifts



The magnetic shielding and 
chemical shift

Consider an indirect coupling of the nuclei to 
external static magnetic field by interacting 
with the surrounding electrons.  This 
interaction leads to magnetic shielding in 
resonance frequencies that are a reflection of 
the chemical environment of a nucleus in an 
atom or molecule and are therefore important 
in the analytical application of NMR, as well 
as in testing theoretical descriptions of 
molecules.

B=Bo(1-σ), The dimensionless number 
σ is a small fraction, describing the 
electron shielding in the external 
magnetic field.



Chemical shift (δ) defines the 
location of a NMR line along the 
rf axis. It is measured relative to a 
reference compound. In frequency 
units the chemical shift is 
proportional to the applied static 
magnetic field, and therefore 
chemical shifts are customarily 
quoted in parts per million (ppm) 
units.

∆ν＝νsignal－νreference

δ (ppm)＝(∆ν/ν0) × 106

NMR 
parameters

NMR 
parameters



Nuclear spin (I) :

A = Z + N

nominal 
atomic mass

nominal 
atomic mass

the number of 
neutrons

the number of 
neutrons

the number 
of protons
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of protons
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Chemical Shielding

Consider an indirect coupling of the nuclei to 
external static magnetic field by interaction 
with the surrounding electrons.  This 
interaction leads to shifts in resonance 
frequencies that are a reflection of the 
chemical environment of a nucleus in an 
atom or molecule and are therefore important 
in the analytical application of NMR, as well 
as in testing theoretical descriptions of 
molecules.



Anisotropic Interaction
Solid State NMR Spectroscopy

․ Chemical Shift Anisotropy (CSA)
1H, 13C, 19F  (~5kHz, 10~100 kHz, ~100 kHz)

․ Dipolar interaction
homonuclear :    1H-1H, 13C-13C, 19F-19F;  ~50 kHz, 2 kHz, ~32 kHz

heteronuclear :  1H-13C, 1H- 19F, 19F- 13C; 15N-13C;  
25 kHz, 35 kHz, 10 kHz, 800~200 Hz

․ Quadrupolar interaction, I > 1/2    2H ~ 40 kHz

resulting in information about
molecular structure
molecular dynamics
(cover a wide range of 10-10 ~ 10+3s)
orientational order
morphology, conformation
mobility

* Both CSA and Quadrupolar interactions are external magnetic field dependent.



How to average the anisotropic 
interaction ?

Solid State NMR Spectroscopy

Line-narrowing factors

Intrinsic molecular motions – close to 
the “size” of anisotropic interactions

MAS(Magic Angle Spinning) sample 
spinning, rotation axis exactly tilted 
by 54.7o away from static magnetic 
field direction

Multiple-pulse technique; explained 
by average Hamiltonian theory (AHT)

*CP and MAS are commonly used methods in solid-
state NMR



1H

How to enhancee the NMR signal of rare spin ?

1D CP/MAS (cross-polarization/magic angle spinning) 
technique

X
(15N,13C,31P)

90o

CP

CP

t2

Hartmann Hahn condition :
B1HγH= B1XγX

TPPM







50.8
53.9
52.7
55.4
56.2
43.9
53.6
59.6
54.6
53.8
54.0
51.5
61.9
54.1
54.6
56.6
60.1
60.7
55.7
56.3

52.3
56.9
54.0
56.4
58.0
45.1

-
61.3
56.5
55.1
55.3
52.8
63.1
56.1
56.1
58.2
62.1
62.3
57.7
58.1

52.4
56.0
54.2
56.4
57.8
45.4
55.5
61.3
56.6
55.7
55.7
55.7
53.2
55.8
56.7
58.2
62.0
62.3
56.4
57.5

50.3
56.1
52.3
54.6
56.1
44.6
55.1
59.8
54.8
53.9
54.1
51.9
62.5
54.0
54.8
56.8
60.6
60.0
55.2
56.6

54.7
60.0
56.7
59.2
60.7
46.5
58.5
64.7
59.3
57.8
57.8
55.8
65.9
58.7
59.4
61.2
65.8
65.7
59.0
60.7

Ala (112)
Cys (27)
Asp (97)
Glu (132)
Phe (74)
Gly (121)
His (24)
Ile (86)

Lys (138)
Leu (113)
Met (36)
Asn (71)
Pro (53)
Gln (61)
Arg (65)
Ser (88)

Thr (105)
Val (114)
Trp (12)
Tyr (43)

Richarz
(1978) 

(dioxane)

Spera
(1991) 
(TSP)

Coil
(DDS)

β Strand
(DDS)

Helix
(DDS)

Residuee

type

α-13C Chemical Shift Values Categorized 
According to Secondary Structural Assignmenta-d

a Experimentally measured random coil values from Richarz and Wuthrich and from Spear 
and Bax are included for comparison. Data are given in ppm.
b The compounds (DDS, TMS, or dioxane) used in referencing the data are shown at the top 
of each column.
c To adjust DSS values to “old” dioxane standard, substract 1.5 ppm.
d To adjust DSS values to TSP, add 0.1 ppm.
e Total number of residues observed is given in parentheses. The data cover a grand total of 
1572 amino acids.



122.5
118.0
120.6
121.3
120.9
108.9
119.1
123.2
121.5
121.8
120.5
119.5
128.1
120.3
120.8
116.7
114.2
121.1
120.5
122.0

177.6
174.6
176.8
176.6
175.9
173.6
174.9
176.5
176.5
176.9
176.3
175.6
176.0
175.6
176.6
174.4
174.8
176.0
173.6
175.9

52.2
56.8
53.9
56.3
57.9
45.0
55.5
61.2
56.4
55.0
55.2
52.7
63.0
56.0
56.0
58.1
62.0
62.2
57.6
58.0

8.15
8.23
8.37
8.36
8.30
8.29
8.28
8.21
8.25
8.23
8.29
8.38

-
8.27
8.27
8.31
8.24
8.19
8.18
8.28

4.33
4.54
4.71
4.33
4.63
3.96
4.60
4.17
4.33
4.32
4.48
4.74
4.42
4.33
4.35
4.47
4.35
4.12
4.66
4.55

Ala
Cys
Asp
Glu
Phe
Gly
His
Ile
Lys
Leu
Met
Asn
Pro
Gln
Arg
Ser
Thr
Val
Trp
Tyr

15N1-13C2-13CN-1Hα-1HbResidue

Random Coil Chemical Shifts for Backbone 
Atoms in Peptides and Proteinsa

a Proton and carbon shifts are relative to DDS, nitrogen shifts are relative to 
NH3. Data are given in ppm.
b α-1H shifts were measured using the hexapeptide GGXAGG in 1M urea at 
25C.

Wishart and Skyes, Methods Enzymol. (1994), 239 ,363-392. 



(a) Chemical Shift Anisotropy



It has been assumed that, provided that 
dipole interactions could be removed, solid 
state NMR spectra would be entirely 
analogous in appearance with those of the 
solution state. This not the case because of a 
facet of shielding not hitherto considered in 
any detail, namely that shielding constants 
depend on the orientation of the nuclear 
environment in the applied magnetic field. 

A nuclear environment with less symmetry 
will have its shielding characterized by 
three unique values. This is typical of a
tensor property, for which the three values 
are referred to as the principal components 
and occur for orientations specified by the 
principal axes in a molecule-fixed system.

In the general case the observed shielding 
constant is denoted σobs and is a linear 
combination of the principal component, σii;

σobs = Σ σii cos2θii  ; 

θii are the angles between the σii and Bo.





Chemical Shift Anisotropy







Reconstruction of CSA 
tensor

• Based on the MAS sidebands one can 
reconstruct the CSA tensor principal 
values

• The degree of the accuracy relies on the 
number of the spinning sideband the 
more spinning sideband the higher 
degree of accuracy. Generally, it is 
expected to have accurate measurement 
for nuclei that have a large shielding 
anisotropy. 

• Herzfeld and Herger’s analysis
(J. Chem. Phys., 73, 6021-6030 (1980). 



1D 13C CP/MAS spectra of 13C1-labeled 
GlcN acquired at indicated MAS speed. 





1D 13C CP/MAS NMR spectra of 13C1-
labeled GalN (a), GlcN (b) and GlcNAc (c), 

respectively. 





(b) Dipolar Interaction



Hamiltonian, Ĥ

• The Hamiltonian for a molecule 
contains terms describing the kinetic 
energy of each particle, the potential 
energy of interactions between 
particles, and interaction of the 
particles with any external electric or 
magnetic fields. 

• It can be divided approximately into 
terms representing electronic, 
vibrational, rotational, and nuclear 
spin contributions to the energy.

• The nuclear spin states are 
eigenstates of the Hamiltonian. 



Dipolar interaction

z

y

x

θ

φ

Î2

Î1

r

Î1 = I1xêx + I1yêx + I1zêz

r = xêx + yêy + zêz

Bo



Dipolar interaction
• Dipolar Hamiltonian

Ĥ = (γ1γ2ħ2μo/4π ){I1•I2 /r3-
3(I1•r)(I2•r)/r5} 

Ĥ = r-3 γ1γ2ħ2[A+B+C+D+E+F]μo/4 π

A= - I1zI2z(3cos2θ -1)
B=(1/4)[I1+I2-+I1-I2+](3cos2θ -1)
C=(-3/2)[I1zI2++I1+I2z]sinθcosθexp(-iφ)
D=(-3/2)[I1zI2-+I1-I2z]sinθcosθexp(iφ)
E=(-3/4)I1+I2+sin2θexp(-2iφ)
F=(-3/4)I1-I2-sin2θexp(2iφ)

Each of the terms A to F contains a spin factor 
and a geometrical factor, the effects of which can 
be appreciated separately. The common factor, 
γ1γ2ħ2r-3μo/4π is sometimes referred to as the 
dipolar coupling constant. Dipolar coupling is an 
indirect interaction, being mediated by the 
electron framework of the molecules



Dipolar Interaction



NMR Applications of 
Dipolar Interaction

(i) Distance information,
sample rotation

(ii) Orientation information 
static sample



Rotational-Echo Double-Resonance 
(REDOR) Spectroscopy

Designed to measure weak heteronuclear
dipolar coupling of a specific isotope labeled 
spin pair, for example 13C-15N, even in the 
presence of large chemical shift anisotropies.  
Importantly, such measurement can 
determine accurately internuclear distance
between isotope labeled spin pair.

T. Gullion and J. Schaefer, J. Magn. Reson., 81, 196 
(1989). T. Gullion and J. Schaefer, Adv. Magn. Reson., 
Vol. 13, 57 (1989).





Dipolar orientation in 
rotating frame

ωz

β

α

Dzz

Î1

54.7o

Polar angle: β

Azimuthal angle: α+ωrt

ωy

ωx

Bo

ωrt



M. G. Munowitz and R. G. Grinffin, J. Chem. Phys., 76,  2848-
2858 (1982).



M. G. Munowitz and R. G. Grinffin, J. Chem. Phys., 76,  
2848-2858 (1982).





13C/15N Rotational-Echo DOuble-Resonance (REDOR) 
Spectroscopy

TPPM1H

15N

13C

90o

CP

CP

180o

180o

( )

180o

0.5Tr

( )

Tr

0.5Tr
Mixing time



0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4

∆S/So

Time (ms)

REDOR dipolar dephase curve of 13C/15N 
isotope labeled standard compound Glycine

REDOR experiment with an uncertainty of +0.05 A is 
demonstrated by glycine dipolar relaxation curve; the 
solid line D=810 Hz, r=1.554 A, two dot lines D=742, 
900 Hz, r=1.6, 1.5 A. and the “x” the experimental data 
acquired at MAS speed of 5000 Hz. 



0

0.5

1

0 1 2 3 4

 experimental

 simulation; D=180 Hz, r=2.57 Å

 simulation; D=150 Hz, r=2.73 Å

 simulation; D=180 Hz, scaled by
0.74

∆S/So

Mixing time (ms)

Distance determination of 13C1-{C2}-15N in GlcNAc
by REDOR Spectroscopy



0

0.5

1

0 1 2 3 4

 experimental; β form in GlcNAc

 simulation; D=180 Hz, scaled by 0.74

∆S/So

Mixing time (ms)

Distance determination of 13C1-{C2}-15N in GlcNAc
by REDOR Spectroscopy

(b)

0

0.5

1

0 1 2 3 4

 experimental; α form in GlcNAc

 simulation; D=180 Hz, scaled by 0.74

∆S/So

Mixing time (ms)

Distance determination of 13C1-{C2}-15N in GlcNAc
by REDOR Spectroscopy

(a)

0

0.5

1

0 1 2 3 4

 experimental; α form in GlcNAc

 simulation; D=200 Hz, scaled by 0.86

∆S/So

Mixing time (ms)

Distance determination of 13C1-{C2}-15N in GlcN
by REDOR Spectroscopy

(c)

0

0.5

1

0 1 2 3 4

 experimental; β form in GlcNAc

 simulation; D=200 Hz, scaled by 0.86

∆S/So

Mixing time (ms)

Distance determination of 13C1-{C2}-15N in GlcN
by REDOR Spectroscopy

(d)

r = 2.57Å r = 2.57Å

r = 
2.48Å

r = 
2.48Å





2D PISEMA (Polarization Inversion Spin 
Exchange at the Magic Angle experiment ) 

Focus on the effect of neighboring protons on the spin 
exchange of a strongly coupled spin pair. By The 
dipolar couplings from the neighboring protons of a 
stongly coupled spin pair perturb the spin exchange 
only in the second order, therefore it has little 
contribution to the linewidth of PISEMA spectra in 
comparison to the separated-local-field spectra.  

C. H. Wu, A. Ramamoorthy and S. J. Opella,  J. 
Magn. Reson., A109, 270 (1994). Z.Gan,  J. Magn. 
Reson., 143, 136 (2000).



Dipolar splitting and 
Chemical shifts











Determination of rotational orientation of 
the helix, ρ









(c) Quadrupolar Interaction



Quadrupolar Frequency























Structural information deduced from 
solid state NMR spectroscopy 

• Secondary shifts are strongly correlated with 
peptide or protein backbone conformation. In 
particular, values for β-strand segments are 
characteristically negative for 13Cα and 13CO sites 
and positive for 13Cβ sites. 

• Multiplicity of chemical shifts was attributed to the 
differences in molecular structure associated with 
the differences in fibril morphology.

• 13C chemical shifts for D23, V24, G25 and G29 are 
inconsistent with expectations for a β-strand. Thus, 
the chemical shift data qualitatively suggest a 
conformation for the structurally ordered part of 
Aβ1-40 consisting of two β-strands that are separated 
by a bend or loop contained within residues 23-29. 
The conformation in the bend segment may vary 
with fibril morphology and fibrillization conditions.





Structural information deduced from 
solid state NMR spectroscopy 

• Secondary shifts ∆δ ≡ δfibril - δcoil are strongly correlated with 
peptide or protein backbone conformation. In particular, values 
for β-strand segments are characteristically negative for 13Cα
and 13CO sites and positive for 13Cβ sites. 

• Multiplicity of chemical shifts was attributed to the differences 
in molecular structure associated with the differences in fibril
morphology.

• 13C chemical shifts for D23, V24, G25 and G29 are inconsistent 
with expectations for a β-strand. Thus, the chemical shift data 
qualitatively suggest a conformation for the structurally ordered 
part of Aβ1-40 consisting of two β-strands that are separated by a 
bend or loop contained within residues 23-29. The conformation 
in the bend segment may vary with fibril morphology and 
fibrillization conditions.

• Linewidths in the 1.5-2.5 ppm range in solid state 13C MAS 
NMR spectra are characteristic of well-structured peptide in 
rigid noncrystalline environments, whereas significantly larger 
linewidths are observed in disordered biopolymers shows that 
the N-terminal segment of Aβ1-40 is disordered in the fibrils.





(c) Distance dNN and torsion angles 
relationship – Ramachandran plot



Structural information deduced from 
solid state NMR spectroscopy 

• Secondary shifts ∆δ ≡ δfibril - δcoil are strongly correlated with 
peptide or protein backbone conformation. In particular, values 
for β-strand segments are characteristically negative for 13Cα
and 13CO sites and positive for 13Cβ sites. 

• Multiplicity of chemical shifts was attributed to the differences 
in molecular structure associated with the differences in fibril
morphology.

• 13C chemical shifts for D23, V24, G25 and G29 are inconsistent 
with expectations for a β-strand. Thus, the chemical shift data 
qualitatively suggest a conformation for the structurally ordered 
part of Aβ1-40 consisting of two β-strands that are separated by a 
bend or loop contained within residues 23-29. The conformation 
in the bend segment may vary with fibril morphology and 
fibrillization conditions.

• Linewidths in the 1.5-2.5 ppm range in solid state 13C MAS 
NMR spectra are characteristic of well-structured peptide in 
rigid noncrystalline environments, whereas significantly larger 
linewidths are observed in disordered biopolymers shows that 
the N-terminal segment of Aβ1-40 is disordered in the fibrils.

• 13C chemical shifts for CO, Cα and Cβ sites and 15N chemical 
shifts for backbone amide were analyzed to predict the backbone 
torsion angles for each residue. Predictions for two different 
choices of chemical shifts values are derived. Both lead to φ = -
135° ± 25° and ψ = 140° ± 20° , consistent with a β-strand 
conformation, for all residues in the 9-21 and 30-36 segments. 
Non-β-strand φ and ψ values occur at D23, G25 and G29.





Structural information deduced from 
solid state NMR spectroscopy 

• Linewidths in the 1.5-2.5 ppm range in solid state 13C MAS 
NMR spectra are characteristic of well-structured peptide in 
rigid noncrystalline environments, whereas significantly larger 
linewidths are observed in disordered biopolymers shows that 
the N-terminal segment of Aβ1-40 is disordered in the fibrils.

• 13C chemical shifts for CO, Cα and Cβ sites and 15N chemical 
shifts for backbone amide were analyzed to predict the backbone 
torsion angles for each residue. Predictions for two different 
choices of chemical shifts values are derived. Both lead to φ = -
135° ± 25° and ψ = 140° ± 20° , consistent with a β-strand 
conformation, for all residues in the 9-21 and 30-36 segments. 
Non-β-strand φ and ψ values occur at D23, G25 and G29.

• In RFDR-CT measurements, the decay of 13C NMR signals from 
the labeled carbonyl sites reflects the strength of 13C-13C dipole-
dipole couplings, which depends primarily on the intramolecular
13C-13C distance and hence the φ angle. In DQCSA 
measurements, the decay of 13C NMR signals from the labeled 
sites reflects the relative orientation of the labeled carbonyl 
groups, which depends on both φ and ψ. The RFDR-CT and 
DQCSA data for different samples are significantly different, 
indicating significant differences in . Qualitatively, this result 
indicates the presence of non-β-strand conformations. 






