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Solid state NMR Spectroscopy
Structural Biology (LS5648)
Department of Life Science,

National Tsing Hua University

Instructor : Der-Li1 M. Tzou

tzou@ccvax.sinica.edu.tw
Hours: 9:00-12:00 am on March 29, 2006

Course content

Introduction to solid state NMR
Nuclear Spin and magnetization
Pulsed NMR and Fourier transform NMR

Anisotropic Interaction in solid: CSA, dipolar, and
quadrupolar interaction)

Cross-polarization (CP) and Magic Angle Spinning
(MAS)

2H, 13C, 15N, 31P NMR spectroscopy and multi-
dimensional NMR

Molecular Orientation and Anisotropy interaction

Applications of solid-state NMR to Membrane
proteins and B—amyloid fibril proteins related to
Alzheimer’s disease



nobel news

Structured approach bags chemistry prize

Dt Adam, London

Discerning the shape and structuge of bio-
mokuls is a szeable probim — hugs,
oonyplcated sructures sch as prosedng are
amang the toughes! mokoues o analye.
Three researchers who developed key tooks
1o sty these piants fave been rewanled
with he Nobel Prizein Chemistry

Halfof the prize goes to Kurt Wistheichof
1 S Federal Institene of Technalogy in
Zirich ane the Seripps Besearch lnstinte
Califoenia.for finding wansto determine the
theee-dimensional structures of Large bio-
gl modecidkes using uclear magnelic
resonance (NAR) spectmscopy

John Fern of the Vieginia Common-
walth Universiry in Richmond and Koichi
Tarka of the Shimaday Corporation in
Kyt shere the cther hallforimenting tecl-
nicues to identify and analyse proteins and
other lange struchares using mass spectrome-
try. At 43, Taneka i the youngest chemistry
et since 1967, 2] the second fapanese
sl 0 receite & Nobel this vear, follow-
ing physicswiuner Masanshi Keshiba,

“The possiility of analysing proteins in
dleta s e 0 s understannding of
the processes of . says the Nobel Founda-
tiom.“Researchers can niow rapidly and sim-
iy reveal what different peoteins a sample
contains and alo determine what pecten
nokecules ook ke nsolution”

(he pair each peak of
raifio absoeption with
& evagen nuckeus in
the protein. This
allcred 1he structure
ol protednstobe deter-
mied i the fome in
which they dstin the
by — in solation —
rather thanaserystals.

Mess spectrometry
B a highly sensitie
amalytical foof fhat
swparites  molecules
acoonding o thedr sim.
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de] st Withrich fave helped i el the sexats o progein stroctare.

ovane was o turning

Chemists hve tred NMR and mass
spectrometry for decades o study saall
miolecues. But the lasge size and comple
sructiare of proteins posed problems for
biakogists vianing o the s,

NMRaiabysesthe war amoleculs satoms
absorh radin waves in a pawerlisl magnedic
field. Proteins can consin thousands of
atons, 5o they give highly confusing NMR
speatra. Butinthe 1998 Wiitheich shiwed
that NMR s possibe for proteies. He
et equential assigrament fnwhich be
dhetermiinee] the distance between any two
Hwlrogen atoams in the molecule. He could

protedns infoa chaged
vapour, 1o be ancelesated by an eltric el
an]ditected fna mass spectromeser
Tanakas tochnique — soft laser desorp-
tn—usesa bser e to st materialfrom
solid or viscous biokogical sampes. Fenn
evedoped - ifferenit appoach, elctrospray
forzation, which ereates a fine speay from &
proteinsoluton g anelecri ek
Fene has “beer in a total state f shock’
since befng given the nevs ina dam phone
call on § Oktober "r's like being struck by
lightning, esavs. “You kit happens o
sore people but the odds are so great vou
neter bebeveituill appentoyor” M

NATURE|VOLA19| 17 OCTOBER 2002 i natue.com/nature



Nobel Laurents related to NMR

2003 P. C. Lauterbur and P. Mansfield in Medicine
2002 Kurt Wiithrich in Chemistry

1991 Richard R. Ernst in Chemistry

1952 Felix Block and E. M. Purcell in Physics









Number of spin states (21 +1) :

A nucleus with spin I can have 21 +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.

Nuclear Zeeman effect :

m=—1/2

AE=-B,( yh/2 1)

B, : magnetic field strength
0 AE h : Planck’s constant

m : spin quantum number
7 : magnetogyric ratio

m=+1/2




(a) Nuclear spin and Larmor
frequency



Nuclear spin (1) :

A=Z+N

/N

nominal
atomic mass

the number of|

! neutrons
the number

of protons
(atomic
number)




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, 160, and 130).
( and =0 N+Z@P)=A

2C: 646 (6) =12
160 : 8+8(8) =16

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

UN: 7+7(7) =14
H o 1+1(1) =2

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. ( 'H(I=1/2),
BCI=1/2), and7O(I=5/2) )

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

“* Nuclei with I = 0 cannot be detected by NMR.
“* Nuclei with I 7 0 can be detected by NMR.
» Different isotopes of the same element have different

nuclear spins, some are detectable by NMR, some are
not.



o

KProperties of important nuclei
in NMR studies of protein

J

Frequency (MHz) Nature
Isotope Spin at11.74 T

Relative

abundance(%) sensitivity

TH
’H

SH

13C
14N
15N

170
19F
311)

1/2
1
1/2
0
1/2

1/2

5/2

1/2
1/2

500.0
76.7
533.3
125.7
36.1
50.7
67.8

470.4
202.4

99.98
1.5x10~2
0

98.89
1.108

99.63
0.37

~100
3.7x10~2

100
100

1.00

9.65x10—3
1.21

1.59x10—2
1.01x103
1.04x10—3
2.91x102

0.83
6.63x102




Larmor Frequency

AE=yhB0=hV

Y
v="B
27 .



(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 1s 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
nucler possess angular momentum there is a
magnetic moment. Since angular momentum
1s quantized on this scale, so are magnetic
moments.



Suppose an electron 1s traveling 1n an orbit at an
angular velocity o. Such motion 1s equivalent to
an electrical current in the opposite direction of
magnitude 1 = ew/2m, where ¢ 1s the magnitude
of the charge on the electron.

The orbital angular momentum, denoted P, 1s
m_r’®m where m, is the mass of the electron and r
its distance from the nucleus.

Thus, the current 1s
i =ew/2n = eP/2nm,_r?

The magnetic moment p generated by such
motion 1s given in electromagnetic theory by u
= A1, where A is the area marked out by the
orbital. A = mr?

u = -(e/2m,)P



Normally, nuclear magnetic moments are
described in terms of magnetogyric ratio .
The vy value of 1s defined as the ratio of the
magnetic moment, P, to the angular
momentum, |L.

u=yP
In the presence of-a magnetic field B the

energy of an 1solated nucleus 1s dependent
of the quantum number m,;.

In classical terms, an energy U given by

AE=E, -E, = -yhB,



sl

B,

Suppose there is an additional weak magnetic field, B,, perpendicular
to B,. Such a field will also exert a torque on p, tending to change the
angle 0 between p and B,. However, if B, is fixed in direction it will
alternately try to increase and decrease 0 as  precesses. Since B, is
stated to be weak, the net effect will be a slight wobbling in the
precession of p; such an effect is referred to as nutation. Alternatively,
the motion of p can be described as caused by a resultant field B, + B,.
If, on the other hand, B, 1s not fixed in direction, but is rotating about
B, with the same frequency as the precession of p and in the same
direction, its orientation with respect to pu will be constant. Suppose
this orientation is such that B, is always perpendicular to the plane
containing B_ and p, then the torque exerted on p by B, will always be
away from B . Consequently, a large effect on p is possible. Since
changing 0 corresponds to changing the energy of p in B, this
condition is described as resonance-the frequency, v, of the field B,
required must equal the Larmor precession frequency.



Without External
Magnetic Field

I
w0

X

Figure 2.2, Microscopic picture and macroscopic picture of a collection of spins in the
absence of an extemal magnetic field. In the absence of a magnetic field, the sping will have
their spin vectors oriented randomly (microscopic picture). The vector sum of these spin
vectors will be zero (macroscopic picture).



With External Magnetic Field
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Energy States for I = 1/2, 1,
3/2
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Figure 2.6, Zeeman interaction. In the presence of a magnetic feld, the energy states for a
spin become unequal. The difference in encrgy AE between any two states s the same and is
proportional to By, For most spin %2 nuclei, the z = -+ level is lowest in energy (a); for most
spin | nuclei, the 7 = +1 level is lowest in energy (b); for most spin % nuclei, the 7 = +%
level is lowest in energy (c).
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(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 transtorm

* The Fourier transform allows us
to interconvert the amplitude
evolving 1n the time domain
into the frequency domain :

o f(w) =] f(t) exp(imt) dt

* The integral can be
approximated as a sum of
signals at different frequencies.

=2 A.exp (-o,t)

A pulse can be expanded 1n terms of infinite

plane waves
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Figure 5. The net magnetl-
zation (Mg} resulting from the
{mbalance of hydrogen nucle- -
ar dipoles peints along Bg but

Is small compared with Ea.
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Initially is aligned with the main magnetic field By, but It is so small in
frequency (RF] ficid applied at the Lagmor frequency tips tissue magneti-
zation (nto the transverse plane, rendering It measurable as transverse magnetization. M,.. €. Measurement of M,, s possi-
ble because of Its precession. which produces a changing magnetic (lux linking a properly oriented lcop receiver coil, The
changing magnetic flux linking the coil Induces an alternating curreal {AC) (alternating at the Larmor frequency] in the re-
cetver coll. This alternating current, when amplified and digitized. becomes _r.he signal from which the MR linage is recon-

structed.

Flgure 8. A. Net magnetization of the sample My
comparison to 8¢ that It Is undetectable. B. A radio-|



3D-FID (Free Induction Decay)
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Suppose there is an additional weak magnetic field, B,, perpendicular
to B,. Such a field will also exert a torque on p, tending to change the
angle 0 between p and B,. However, if B, is fixed in direction it will
alternately try to increase and decrease 0 as  precesses. Since B, is
stated to be weak, the net effect will be a slight wobbling in the
precession of p; such an effect is referred to as nutation. Alternatively,
the motion of p can be described as caused by a resultant field B, + B,.
If, on the other hand, B, 1s not fixed in direction, but is rotating about
B, with the same frequency as the precession of p and in the same
direction, its orientation with respect to pu will be constant. Suppose
this orientation is such that B, is always perpendicular to the plane
containing B_ and p, then the torque exerted on p by B, will always be
away from B . Consequently, a large effect on p is possible. Since
changing 0 corresponds to changing the energy of p in B, this
condition is described as resonance-the frequency, v, of the field B,
required must equal the Larmor precession frequency.



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.

Probe

Pre-Amp Receiver  Detector ]

A

[ e < D

C

A
Pulses L
Transmitter >
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 of a nucleus 1n an
atom or molecule and are therefore important
in the analytical application of NMR, as well
as 1n testing theoretical descriptions of
molecules.

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



NMR
parameters

-

Chemical shift (0) 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.

AV=yvV —V

signal reference

0 (ppm)=(Av/v,) x 10°



Nuclear spin (1) :

A=7Z+N
nominal the number o
atomic mass '

neutrons

the number
of protons
(atomic
number)




Chemical Shielding

Consider an indirect coupling of the nucle1 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 1n testing theoretical descriptions of
molecules.



Anisotropic I nteraction
Solid State NM R Spectr oscopy

e  Chemical Shift Anisotropy (CSA)
'H, 3C, F (~5kHz, 10~100 kHz, ~100 kHz)

e Dipolar interaction
homonuclear : 'H-H, BC-13C, F-1F; ~50 kHz, 2 kHz, ~32 kHz

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

e  Quadrupolar interaction, [ > 1/2  2H ~ 40 kHz

resulting in information about
molecular structure

molecular dynamics
(cover a wide range of 1010 ~ 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 54.7° 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



How to enhancee the NMR signal of rare spin ?

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

90°

g { CPp ; TPPM

X CP

(15N913C,31P)
l/\ /\ NN

Hartmann Hahn condition :
Binve= BixYx



1) SPIN LOCK
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(d)

Figure 3.8 ® (a), (b), and (c) are vector diagrams for a 'H and “°C double rotating-frame CP
experiment. (d) gives the CP pulse sequence. (Reprinted with permission from Jelinski (1982)]
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TABLEZ

Typical Magnitudes and Orientations of Chemical Shift, Scalar J Coupling, Dipole-Dipole Coupling, and Quadrupolar Coupling
Tensors within the Amino Acid Residue or Peptide Plane of Polypeptides”

Chemical shif Spin i B - S Vi Ref
Iy 03 i 065 o0 90 00 il
I3ad i -2 043 00 a0 0 ERRE
B 170 -7 0.90 0 0 0 3
15y 119 % 019 - 00 _17 33507
J and dipolar coupling Spins I3 b/ 2x° g o e
Iy L 140 “10 1.090 f f
¥ By -0 113416 10048 00 I
e B i 114 138 00 1208
B B % 1150 1521 - _f
I3ge_liy -1l 03 | 458 00 1153
3pr 1oy -1 1303 139 0 37
(uadrupolar coupling Spin (g i ujSE ﬂEE y?; Ref.
oIk 0210 015 00 00 i i
e 0,168 0.10 - _f | 30 4
1y 1 03 I 0 0 3 4]
i 83 0.8 00 00 i 4]

The Fuler angles relate the principal axes frames (P*} to the peptide plane (£) having xz along N-H and 2z being the nomal to the plane (cf Fig. 2a)
Chemicalshils 857, 355 - defined in Ref. 17) arein ppm relative to TV (*H, °C) and liq. NHs (). Sealar J and ol couplngs (/% and b/ 2x) ae
piven in Hz, the internuclear distance ry; in A, and the quadrupolar coupling in MEHz. Due to axial symmetry the dipolar coupling epp (and apr) angle can be
chosen arbitrarily,

©The orientation of the (™ chemical shislding tensor depends on the secondary struchire and may vary significantly from the piven angles (43)

* Scalar coupling constants taken from Ref, (44).

¢ Thipole couplings calculated from rys,

¢ Typical N-H and C-H bond lengths are taken from Ref. (22), while N-C and C-C bond lengths are laken from Ref. (2]). We note that SIMMOL automatically
Calculztes the bond length dipolar coupling constants, and dipolar coupling EEJ';‘E Euler angles directly from the PDB structure without reference to the tabelized
valugs,

J The Fuler angles depend on the secondary struchre.

£ A somewhat lower value of brs/2r = 9.9 kHz (comesponding to g = L7 kyis fypically used for peptides oriented in uniaxially aligned phospholipid bilayers
(43,

W note that the magnitude and in particular the onentation of these tansors may be influenzed by hydrogen bonding.

! We assume that the "0 quadrupolar coupling tensor is oriented with its unique element (1 along the (-0 bond axis and 0y Perpendicular to the peplide
planz.



a-13C Chemical Shift Values Categorized
According to Secondary Structural Assignment?-d

Residue® Helix B Strand Coil Spera Richarz

type (DDS) (DDS) (DDS) (1991)  (1978)
(TSP)  (dioxane)

Ala(112)  54.7 50.3 52.4 52.3 50.8
Cys(27)  60.0 56.1 56.0 56.9 53.9
Asp (97) 567 52.3 54.2 54.0 52.7
Glu(132) 592 54.6 56.4 56.4 55.4
Phe (74)  60.7 56.1 57.8 58.0 56.2
Gly (121)  46.5 44.6 45.4 45.1 43.9
His (24)  58.5 55.1 55.5 ; 53.6
Tle (86) 64.7 59.8 61.3 61.3 59.6
Lys (138)  59.3 54.8 56.6 56.5 54.6
Leu(113)  57.8 53.9 55.7 55.1 53.8
Met (36)  57.8 54.1 55.7 55.3 54.0
Asn(71)  55.8 51.9 55.7 52.8 51.5
Pro(53) 659 62.5 53.2 63.1 61.9
Gln(61)  58.7 54.0 55.8 56.1 54.1
Arg (65)  59.4 54.8 56.7 56.1 54.6
Ser (88)  61.2 56.8 58.2 58.2 56.6
Thr (105)  65.8 60.6 62.0 62.1 60.1
Val (114)  65.7 60.0 62.3 62.3 60.7
Tp (12)  59.0 55.2 56.4 57.7 55.7
Tyr (43)  60.7 56.6 57.5 58.1 56.3

2 Experimentally measured random coil values from Richarz and Wuthrich and from Spear
and Bax are included for comparison. Data are given in ppm.

® The compounds (DDS, TMS, or dioxane) used in referencing the data are shown at the top
of each column.

¢ To adjust DSS values to “old” dioxane standard, substract 1.5 ppm.
4 To adjust DSS values to TSP, add 0.1 ppm.

¢ Total number of residues observed is given in parentheses. The data cover a grand total of
1572 amino acids.



Random Coil Chemical Shifts for Backbone
Atoms 1n Peptides and Proteins?

Residue a-'HP N-"H 2-5¢C 1-C N
Ala 4.33 8.15 52.2 177.6 122.5
Cys 4.54 8.23 56.8 174.6 118.0
Asp 4.71 8.37 53.9 176.8 120.6
Glu 4.33 8.36 56.3 176.6 121.3
Phe 4.63 8.30 57.9 175.9 120.9
Gly 3.96 8.29 45.0 173.6 108.9
His 4.60 8.28 55.5 174.9 119.1
Ile 4.17 8.21 61.2 176.5 123.2
Lys 4.33 8.25 56.4 176.5 121.5
Leu 4.32 8.23 55.0 176.9 121.8
Met 4.48 8.29 55.2 176.3 120.5
Asn 4.74 8.38 52.7 175.6 119.5
Pro 442 - 63.0 176.0 128.1
Gln 4.33 8.27 56.0 175.6 120.3
Arg 4.35 8.27 56.0 176.6 120.8
Ser 4.47 8.31 58.1 174.4 116.7
Thr 4.35 8.24 62.0 174.8 114.2
Val 4.12 8.19 62.2 176.0 121.1
Trp 4.66 8.18 57.6 173.6 120.5
Tyr 4.55 8.28 58.0 175.9 122.0

a2 Proton and carbon shifts are relative to DDS, nitrogen shifts are relative to
NH,;. Data are given in ppm.

b a-'H 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 1n 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 1n 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 1s denoted o, and 1s a linear
combination of the principal component, G;;

_ 20 -
G s = 2 O;; C0s<0:: ;

0. are the angles between the 6, and B,.



FIG. 3.5. The chemical shielding ellip-
soid, which is used to indicate that different
orientations of the magnetic field relative to
the molecular framework result in different res-
onance positions for the same chemical species.




Chemical Shift Anisotropy

The resonance frequency Q is orientation dependent,
in the first order perturbation theory one obtains,

o = 0yt %A(3Cos29 - 1- nSinz.S’Cosz(D)

o, :isotropic chemical shift;

O o™ (0-11 + O,y + 0-33) /3

A = (o, — 0,,), describes the strength of the

anisotropic coupling, or C—'H dipole-dipole
coupling for >C or quadrupole coupling for
2

H

0, —O

= -2 L. (0<n<l)asymmetry parameter
O3 ~ Oy

representing the deviation of the anisotropic

coupling from axial symmetry

3, @ : polar angles of the magnetic field By in the

principal axes system of the coupling tensor
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FIGURE 12 Computer-simulated NMR lineshapes due to chemical shift
interactions at different n,q values. The chemical shift parameters used
are, from top to bottom, -25, -25, and 50; -37.5, -12.5, and,50; 50, 0 and
-50; 12.5, 37.5, and -50; 25, 25, and -50, respectively
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Static Sample
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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, 1t 1s
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 13C,-labeled
GlcN acquired at indicated MAS speed.

(a) MAS at 1590 H=z

— — : : : : :
160 140 120 100 80 60 40 20  ppm

(a) MAS at 690 H=z
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Table 1. Summary of "*C chemical shifts. chemical shift tensor elements, dipolar strengths, and free-cnergy diferences for the anomeric o and [
forms in Gle, Man, Gal, GalN, GleN. and GleNAc*

Gle Man Gal GalN GleN GleNAc

] p b fi b [ v) i b B b i
Relative population %" 82 18 48 52 96 ) 98 2 90 10 80 20

48) 48 (51 (48) 48 (33 44) 49 (58) (7600 (1) (98)
Giso' 934 970 912 947 924 967 897  95.l 893 939 930 968
O 669 702 671 747 658 713 614 68.0° 624 688 670 737
2 973 992 987 998 952 960" 964 993" 920 958 977 998
an 1159 1216 1079 1100 1162 1158 1114 L7 1134 1170 1143 1170
—(33 = Gi0) 265 268 241 201 266 254 283 271 269 251 260 231
. 070 084 038 051 079 078 053 046 080 086 064 074
Ad’ -39.7  -402 =362 =302 =399 -346 -42.5 =375 —407 =317 -390 -346
D (Hz)* -200 ~200 =200 —180  —180
r(A) 2.48 248 248 257 257
AE (keal/mol) 0.90 ~0.05 1.88 2,30 1.30 0.82

*Samples were specifically "*C- and/or '*N-labeled. For details, see Experimental. Chemical shift tensor elements were the average of measurements
at various MAS speeds with standard deviation of 0.5 ppm.

P Data was deduced [rom Lorentzian curve fitting with an uncertainty of £3%: the half-width at half-height of the fitting curve are given in bracket in
unit of Hz.

“Chemical shifts were referenced to the carbonyl carbon of glycine at 176.4 ppm.

Y Data were calculated from that of the o form assuming that the deviation of chemical shift tensor elements from the isotropic chemical shift for the
2 and f§ form were the same as that for methy! 2- and p-p-galactopyranoside.”

Chemical shift tensor axial asymmetry § = (625 — 61 (33 — G10).

! Chemical shift anisotropy Ac = @33 — (61 + 620)/2.

¢ Dipolar strength D was determined from REDOR spectroscopy using the curve-fitting simulation algorithm” with an uncertainty of less than 5%,

" is the internuclear distance for *C-1 {C-2} "N derived from dipolar strength D.



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

respectively.
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Abb. 3.10. CP-MAS-Spektren von PAG" (Abb. 2.10) bei verschiedenen Rolorfrequenzen. Die im Abstand der
Rotorfrequenz auflretenden Scitenbanden enthalten alle Informationen dber die Anisolropic der chemischen
Verschicbung. Wiihrend man fiir vy = 500 Hz noch das zugrundeliegende Pulverspektrum erkennt, ist das bei
Vg = 4000 Hz nicht mche der Fall, In natiirlicher Hﬁuﬁgl;'cit vorliegende 13C-Keme anderer Molekiilpositionen

(iihren zu zusitzlichen klcinen Linicn.



(b) Dipolar Interaction



AN

Hamiltonian, H

 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
cigenstates of the Hamiltonian.



Dipolar interaction
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Dipolar interaction

* Dipolar Hamiltonian

H=(y, v,k j4n ) {11, /13-
3 (L))

H=r3y7,R2[A+B+C+D+E+F] 1 /4 =

A=-1,1, (3cos?0 -1)
B=(1/4)[1,.1,+1, 1,,](3cos?6 -1)
C=(-32)[1, L,,+1,,1, JsinBcosOexp(-id)
D=(-3/2)[1, 1, +1, 1, ]sinfcosBexp(id)
E=(-3/4)1,.1,,sin’Oexp(-2id)
F=(-3/4)1, 1, sin0exp(2i)

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,
v,Y,h*13 (L 0/4T is sometimes referred to as the
dipolar coupling constant. Dipolar coupling 1s an
indirect interaction, being mediated by the
electron framework of the molecules



Dipolar Interaction

The dipolar frequency v
v=0,+ —;—A(3cos2 3-1)

where, v,=(v, +v, +v,)/3

A = (v, -v,), describes "C-'H dipole-dipole

coupling
v, —U
— i 22 :0,
033 - Ui.w

$: is the angle between the magnetic field
direction and the dipolar vector.

V7

v=v, (3cos’d-1), where v, =
r

I



NMR Applications of
Dipolar Interaction

(1) Distance information,
sample rotation

(11) Orientation information
static sample



Rotational-Echo Double-Resonance
(REDOR) Spectroscopy

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

Designed to measure weak heteronuclear
dipolar coupling of a specific 1sotope labeled
spin pair, for example 3C-1°N, even in the
presence of large chemical shift anisotropies.
Importantly, such measurement can
determine accurately internuclear distance
between 1sotope labeled spin pair.



Consider a spin with orientation (a,f) that is
initially aligned along the axis in the rf rotating frame.
The spin acquired a phase ¢(a, f;f) given by

fla. i) = | @,(a Bit)

. D {Sinzﬁ[SinZ(a + o,t) - Sin2a] }

4o, |- 2/28in2 BlSin(a + o.t) - Sina]

Average Dipolar Hamiltonian :
In the presence of a single I-spin = pulse, the
average precession freq. @,(a, B;t), which defined

over a rotor period.

1

T
aple fit) = £ [ @pla fr 1)t - | wp(a, B; 1)t
_, D Sin® B[Sin2(a + w,t,) ~ Sin2a|
4z |- 2J28in2 BlSin(a + @ t,) - Sinal]

The phase accumulation A®(e, B;¢)of an S spin at
the end of the rotor period is

AD(a, ;1) = @, (a, B 1),



Dipolar orientation in
rotating frame

Polar angle: 3

Azimuthal angle: 0.+ () 1



The specific forms for dipolar and axially symmetric
chemical shift interactions are then

Ky 1y sh {sinza

g1(31)=003( [sin2(a +w,1,) —sin20/]

2w, ¥Ts 2
~V? sin2B(sin{a + w, ;) = sin a]}) , (16a)
and
oy ) sin’p .
gg(tz)=exp(12wr{ 5 [sin2(e + w,t,) - sin 2]
~VZ sin28sin{a + @, #,) ~8in o]}). (18b}

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



For a power sample, the signal intensity, S(t), at the
end of a rotor cycle with one I-spin 7 pulse is

S(t) = 51; J; [daCos[A®(a, B; 1)]Sinpdp

In the absence of 7 pulses on the I channel is
1 .
S, = gy |, LdaSinpdp

A useful measure of the loss in signal amplitude is
the ratio of the difference signal to the full rotatioal-
echo amplitude,

AS(1)/S, =[S, - SO/,

* Which has a strong dependence on the ratio of the
dipolar coupling to the spinning speed.



I3C/I5N Rotational-Echo DOuble-Resonance (REDOR)

Spectroscopy
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REDOR dipolar dephase curve of 3C/°N

isotope labeled standard compound Glycine

AS/S,
1.2

0.8
0.6
0.4
0.2

0 1 2 3 4
Time (ms)

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.



Distance determination of 13Cl-{Cz}-ISN in GlcNAc

by REDOR Spectroscopy
ASIS, ,
O  experimental
1 F- = simulation; D=180 Hz, =2.57 A - -
simulation; D=150 Hz, r=2.73 A 7

7/
simulation; D=180 Hz, scaled by /
0.74

0.5

Mixing time (ms)




Distance determination of 13Cl-{Cz}-ISN in GleNAc
by REDOR Spectroscopy
AS/S,

1 3
(a) 0 experimental; o form in GleNAc

= simulation; D=180 Hz, scaled by 0.74

Mixing time (ms)

Distance determination of 13Cl-{Cz}-lsN in GleNAc

by REDOR Spectroscopy
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Distance determination of 13Cl-{Cz}-lsN in GleN
by REDOR Spectroscopy
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Tale 2. *C,-"N Distance Determination by Solid-state NMR REDOR Spectroscopy

r (A)

148

248
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i'.‘ﬁumpluﬁ were specifically double-labeled with "C at the €, resicue and with N at the amide sroup

attached to the C; residue. ‘Dipolar strength D is inversely proportional to

the intemuclear distance 1o the third power, D =h e /1



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

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

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.



Dipolar splitting and
Chemical shifts

F(p, 7) = (chemical shift(p, 7), dipolar splitting(p, 7))
= (0(—0.828 cos psin 7 + 0.558 sinpsin T
— 0.047 cos 7)* + 0,(0.554 cos psin T
+ 0.803 sinpsin 7 — 0.220 cos 7)°
+ 03(—0.088 cos psin 7 — 0.206 sinpsin T

vV
—0.975 cos 7)°, 5” (3(—0.326 cos p sin 7
— 0.034 sinpsin T — 0.946 cos 7)* — 1))
[1]

For a tilted helix, the plot of the PISA wheels is generated by
graphing the set

S(t) ={F(p. 7): p€ [0, 2m)}. [2]
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Fig. 4. “Circles” represents the wheel pattern corresponding to each tilted
helix structure, where the slant angle was specific in figure. Average
tensor elements (01;=31.3, 02=55.2, 63,=201.8) in ppm, dipolar strength
of 25 kHz and the relative orientation of the dipolar and chemical shift
tensor of 17° were used in simulation.
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FIG. 2. The origins of the “PISA wheels.” For the analysis in this manuscript, n, the bilayer normal, is always aligned parallal to B,. (A} Definitions
of 7 and p for an a-helix. v = 07 occurs when the helix axis, k;, is parallel to B,. p = 07 occurs when the projection of B, onto a plane perpendicular

to fi; makes an angle of 07 with &y, the radial axis of the helix that passes through the C, carbon of Lauge. (B} “Circles™ drawn for one of the dipolar

transitions using average values of tensor elements (ry; = 313, 75y = 552, gy; = 20018 ppm) and the relative crientations of the dipolar and chemical

shift tensor, given by # = 177, the angle in the paptida plane between o;; and », (parallal to the N-H bond). The circles for the other dipolar transitions
are the mirror image about 0 kHz. (C) Characterization of the M2-TMP helix tilt from a more complate set of PISEMA data than that presentad in Fig.

I. The data are consistent with a helix tilt of 38 = 3°. Note that the canter of the PISA wheels falls on a line that passes through the isotropic chemical
shift (96 ppm) at 0 kHz on the dipelar scale.
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FIG. 3. Correspondence between membrane protein helix Gt and polarity,
and the resulting PISEMA speetra for uniformly “N-labeled protein in oriented
bilayers. A, DD, G, and J. Helical wheels rotated by various values of the polar
angley. B, E H. and K. Helices rotated through various values of y about their
long axas (HA) and tilted by & = 127 (B, Ej and & = 90° (H, K) away from
the membrane normal (n). The y axis of the laboratory frame points out of the
page. C. F, I, and L. Caleulated PISEMA spectra for the various helix mtations
and tilts. The NH bond veetors of the polar opposite residues 2 and 11 in the
helical whegls are highlightad. The light gray areas in B, E, H, and K represent
the lipid bilayer.



lle3d

§

dipolar (kHz)
n =

lled2

Lewd3

-10

&

05 0 -5.10 250 200 150 100 a0 a
dipolar (kHz) chemical shift (ppm)

FIG. 1. (&) Dipolar splittings observed from PISEMA spectra of multiple and single site [abaled preparations of M2-TMP in hydrated lipid bilayers aligned
with the bilayer normal parallel to the magnetic field direction. The spectra were obtained (Song &f al, unpublished results} with a 400-MHz spectromater using
4 Chemagnetics data acquisition system and a 9.4-T wide-bore Oxford Instruments magnet. An RF field strangth of 383 kHz was usad for the Les-Goldburg
(L.G) condition corresponding to a LG time increment of 26 ps. A delay of | s was piven at the onset of each =L.G cvele to compensate for the frequency
synthesizer (PTS) switch time. The £, duration was incremented from 0 to 24 LG cycles and the refocused Nsi pnal was typieally acquired with 2000 transients
for each f, increment. Spectral symmetry in the dipolar dimension was achieved by selting the imaginary part of the data to zero before the Fourier fransform
apainst {,. The experimental error in the chemical shift dimension is =35 ppm and in the dipolar dimension it is 1 kHz. (B) Display of the dipolar splittings
(¥ at their observed chemical shift. The resonances are connected in helical wheel fashion. Since the two wheels are mirror images displaving identical
information, only one will be usad in the following figures.



Determination of rotational orientation of
the helix, p
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FIG.3. (A} The "N llexzsme-labeled M2-TMP PISEMA spectrum obtsined as in Fig. 1. Most of the resonances have been assigned basad on single-site
isotopic labels, but here the analysis has no dependence on such assignments. (B) Basad on Eq. [1]. the “PISA whaals™ can be dissectad into domains of p angles
for cataloping an experimentsl valuz of p for esch resonanee. (C) The experimental p values arz compared to predicted values basad on rasidue mumber and
1007 residue for an ideal helix. Predictzd and experimental values are paired by solving for a best fit. The result is an extrapolation and intersection with the
experimental axis at py = =3 £ 107
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FIG. 4. (A) Best fit (O) to the 5-site Ile-labeled M2-TMP PISEMA resonances (*) based on the analysis in Fig. 3. (B) From this analysis and the resulting
assignment of resonances, the helical wheel for this hydrophobic transmembrane peptide can be predicted. (C) The predicted resonance positions from the helical
wheel are compared 1o the experimental data,



TABLE 1

Chemical Shitt Tensor Element Magnitudes
for the Observed Sites in M2-TMP*

Sife Ty 0y U
Val27 33 5 198
Val28 29 53 202
[[e3? 3 59 208
[[e33 3] M 202
[le3) 32 36 210
[le39 30 M 195
Leud( 32 5 203
Trpdl 32 56 205
[led? 30 M 198
Leud3 29 36 200

" The chemical shift anisotropy has been determined from single site labeled

samples of M2-TMP. Spectra were obtamed of samples dried from trifluoro-

ethanol where the peptide 15 observed to be a-helical; 1t s likely, therefore, that
the peptides for this characterization are in the conformation of mterest.
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FIG. 5. The chemical shift anisotropy (CSA), relative orientation of chem-
ical shift and dipolar tensors (0), and local variation in helical structure through
compensated peptide plane tilts (8) are potential sources of distortion for the
PISA wheel. (A) The chemical shift anisotropy has been determined from
single site labeled samples of M2-TMP. The calculation of a “PISA wheel”
using each of these CSA tensors (Table 1) i1s displayed showing significant
variation in both the pattern and the calculation of its center. (B) The influence
of 6 on the PISA wheel is dramatic, but shows little effect on the pattern’s
center. The range of 6 values displayed is 5 to 237 in 2° increments, where 6 +
Bo = 122°, the HNC, bond angle. The value # = 17° corresponding to 3, =
105° has been used in all other figures. (C) The influence of peptide plane tilt
on the shape ot the PISA wheel is also dramatic, but there is little effect on the
center of the pattern. The & values displayed are 0, 5, 8.7, and 12°. The ideal
helix has peptide plane tilts of 8 = 8.7°, the value used in all other figures.



(¢) Quadrupolar Interaction



Quadrupolar Frequency

The quadrupolar frequency v

”iEC L(ﬂm, +1)[(3c0s™ 8 ~1)+nsin* G cos 29

v=0,t=C,
8 U120 +])

where.

equ

Co= p describes quadrupolar constant

3,0 : are the polar and azimuthal angles
between the magnetic field direction and the
quadrupolar vector,



Vel = Vo (110) - (2m-1)A + vy {B[21(I41) - B{Em‘?'-lm-l ]
-CAI(T=1) - Um*+ M - 91

A=vy2 |(32-1/2ncos2o) cosf 112 (1- Ncos20}|.

B= '\-’2(;)."288 (3- l]cnslnbf 005+ (-18 + 41]2 - 21]3c0532¢) 00579+

{S-qcosld;]g]?

C= \-’EQ."'TE [—cnfﬂ (3-qc052¢}3 + 0050 (9- T]Z- 01) cos20 + EHECOSEE(M t lf

) v,
-1)°cos 20},
where v, =yBo2n
3 1
vio=3eqQ/h 21(2L-1) and

SRS P TN I RN S | T I
0= O SN0 €08™ + Oyy SN0 SN + 077 €080 - dxy st sing

- Oyz sin26) cos + 07 sin26 sing

The angles 6, o describe the orientation of the principal axes system of the
quadrupolar tensor in the laboratory coordinate system. &y are the components of the

chemical shift tensor 1n the quadrupolar tensor coordinate system.

For polycrystalling samples the ling shape for each (m <> m-1) transition can be
obtained by means of integration of the function viy . Py over ¢ from 0 to 27 with a

coefficient 1/27 and over 6 with a coefficient sinf)/2.
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“Na MAS spectra of Na,MoO, at field strengths from 4.7 T to 17.6 T (200 to 750
MHz)
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Figure 11.14 w Theoretical deuterium NMR lineshapes for various types of rapid (1,<1077 sec)
anisotropic motions. [Reprinted with permission from Jelinski (1986).]



Multiple quantum solid-state NMR indicates a
parallel, not antiparallel, organization of
B-sheets in Alzheimer's B-amyloid fibrils

Oleg N. Antzutkin*', John J. Balbach*, Richard D. Leapman®, Nancy W. Rizzo, Jennifer Reed*, and Robert Tycko*:

*aboratory of Chemical Physics, Mational Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MO 20892-0520;
"Division of Inorganic Chemistry, Lulea University of Technology, Lulea, Sweden 5971 87, and *Division of Bioengineering and Physical Science,
Office of Research Services, National Institutes of Health, Bethesda, MD 20892
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Fig. 1. [A) Electron micrographs of negative-stained A8, fibrik adsorbed
tocarbon films from an As-gz solution after incubation at 24°Cand pH 7.4 for
3 days. Typical amyloid fibrils are observed, appearing as single filaments or
bundles of filamentswith overall diameters ranging from 8 to 20 nm and with
twist periodicities between 40 and 150 nm. The same solution, in which the
Afy_og peptides were |abeled with ™C at the methyl carbon of Ala-21, subse-
quentlywasyophilized for MQNMR measurements shown in Fig. 2. (B) Afv-az
fibrils are believed to have a predominantly B-sheet structure with peptide
chains (blue arrows) approximately perpendicular to and hydrogen bonds
approximately parallel to the long axis of the fibril (green arrow). Four
candidates forthe supramolecular organization of the fibrils are shown, These
can be distinguished experimentally by incorporating ™C labels (red dots) at
asingle site in the peptide and measuring "*C multiple quantum NMR spectra,
hecause observation of an p-quantumsignal requires that at least n *C nuclel
be close enough inspace to havesignificant magnetic dipele-dipole couplings.




Materials and Methods
Sample Preparation. Peptides with the human AB;_4 sequence

DAEFRHDSGYEVHHOKLVFFAEDVGSNKGAIIGIL.M-
VGGVV were synthesized, purified, and fibrillized from 0.25- to
1.0-mM solutions at pH 7.4 as described (11, 12). Fibrillized
solutions were lyophilized for solid state NMR measurements.
Typical solid state NMR samples were 10 mg. For EM, fibrillized
solutions were diluted by a factor of 10-20 and negatively stained
with uranyl acetate as described (11, 13).

The following samples were synthesized with uniform >N and
13C labeling of the specified residues: SU7 (F19, V24, G25, A30, 131,
L34, M35), SU6 (A2, D7, GY, Y10, V12, M35), SUS (D23, K28,
G29, 132, V36), and CU6 (K16, L17, V18, F19, F20, A21). The
following samples were synthesized with '°C labels at the specified
pairs of backbone carbonyl sites: DL1 (D23, V24), DL2 (V24, G25),
DL3 (G25, S26), DIL4 (K28, G29), and DLS5S (G29, A30). The
notations SUn, CUn, and DLn indicate “scattered uniform’ label-
ing of n residues, “consecutive uniform™ labeling of n residues, and
the nth “double labeled” sample, respectively.
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Fig. 2. '*C MQNMR spectra of fibrillized and unfibrillized AB,_.; samples,
shown in order of increasing MQ excitation time mwg. Each MQ spectrum is
displayed as a series of subspectra for MQ orders from 1 to 6, with a spectral
window from —15 kHz to + 15 kHz in each subspectrum. Vertical scales are
adjusted so that one-quantum peaks are clipped at 25% of their maximum
values. Inthe fibrillized samples (4 and B), the amplitudes of two-, three-, and
four-quantum signals increase with increasing mag. Spectra of samples with
3C |labels at methyl carbons of Ala-21 and Ala-30 are nearly identical. In
unfibrillized samples (), the three-gquantum amplitude is small and no four-
quantum signal is obsenved.



Ty = 48 ms 9.6 ms 14 4 ms

100 Ala21-labeled = gt
e 1] 11 pr
O ARy fibirils = fimer
T 1 : , —jiolg
= l
T |
<L 01
© gl Aka3MHabeley |
g} AR, fibrils
(N 1 ]
<
0.1
1 2 3 4 58 1 2 3 4 5 1 2 3 4 3§

n (quanta)

Fig. 3. Comparison of experimental MQNMR amplitudes (black) with sim-
ulations for parallel (red), trimeric {green), dimeric (blue), and antiparallel
organizations of p-sheets in ABy_g fibrils, for samples labeled with '3C at
methyl carbons of Ala-21 and Ala-30. Experimental MQNMR amplitudes are
normalized to a one-quantum amplitude of 100. A logarithmic vertical scale
is required because the amplitudes vary over 2 orders of magnitude. The
parallel g-sheet model| fits all of the experimental data most closely. Experi-
mental amplitudes were determined from MQNMR spectra in Fig. 2 by inte-
grating each subspectrum over the interval from -2 kHz to +3 kHz. Uncer-
taintiesin the experimental amplitudes, evaluated as the rms noise integrated
over a S-kHz-wide interval, are =0.11, 20.14, and =0.14 forthe Ala-21-labeled
AB:-g fibril data, and +0.15, +0.17, and +0.24 for the Ala-30-labeled Af1-4
fibril data, for 7y = 4.8 ms, 9.6 ms, and 14.4 ms, respectively.



A structural model for Alzheimer’s B-amyloid
fibrils based on experimental constraints
from solid state NMR

Aneta T. Petkova*, Yoshitaka Ishii**, John J. Balbach*, Oleg N. Antzutkin®*, Richard D. Leapman3, Frank Delaglio*,
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Fig. 1. (a) Transmission electron microscope images of negatively stained
amyloid fibrils after 14-day incubation of a 0.5 mM ApB_4p solution. A 3%
expansion (Inset) shows fibrils with the smallest diameters observed. (b) 2D
13C-13C chemical shift correlation spectrum of AB,_4o fibril sample SU7, show-
ing resonance assignment paths for the seven uniformly "*N- and "*C-labeled
residues in this sample. (¢) Expansion of the aliphatic region of the 2D

spectrum of SU7. (d) Aliphatic region of the 2D 3C-13C chemical shift corre-
lation spectrum of Agq_4 fibril sample SUG.



Table 1. 13C and 1SN NMR chemical shift values (ppm) for 13C- and 15N-labeled sites in Ap1_4o fibrils, referenced to TMS
(tetramethylsilane) or liquid NH;

Residue co C. Cs c, Cs G C. N, N Sample
A2 173.7 49.9 18.2 ND SUe
(176.1) (50.8) (17.4)
D7 ~173.0 51.5 40.4 177.9 120.6 SUg
(174.6) (52.5) (39.4) (178.3) (120.4)
G 169.2 42.9 107.2 SUg
(173.2) (43.4) (108.8)
Y10 172.0 55.0 395 126.5 130.7 116.5 156.2 1224 SUe
(174.2) (56.2) 37.1) (128.9) (131.6) (116.5) {155.6) (120.3)
V12 173.0 58.7 33.2 18.8,18.8 127.0 SUG
(174.6) (60.5) (31.2) (19.4,18.6) (119.2)
K16 171.5 52.7 34.1 24.0 28.6 39.8 337 ND CUb
36.9 24.8
(174.9) (54.5) (31.4) (23.0) (27.3) (40.2) (32.7)
L17 172.8 52.3 -44.5 26.0 -24.4, ~23.3 ND CUb
173.0 516 ~40.8 ~27.0 ~24.8, ~23.1
(175.9) (53.4) (40.7) (25.2) (23.2, 21.6)
V18 170.2 58.9 336 19.2 121.7 CUb
(174.6) (60.5) 31.2) (19.4, 18.6) (119.2)
F19 170.2 55.3 41.0 135.7 1296 129.6 125.8 130.5 CU6, SU7
(174.1) (56.0) (37.9) (137.2) (130.2) (129.8) (128.2) (120.3)
F20 170.2 54.6 41.0 135.7 129.2 129.2 125.8 ND CUb
(174.1) (56.0) (37.9) (137.2) (130.2) (129.8) (128.2)
A21 172.7 48.2 21.0 130.9 CUe
174.0 48.0 18.9 126.3
(176.1) (50.8) (17.4) (123.8)
D23 1731 51.0 41.9 180.2 118.5 SUS
174.1 524 39.4 178.0 1233
(174.6) (52.5) (39.4) (178.3) (120.4)
V24 173.8 58.6 313 19.9,18.3 125.0 sU7
173.6 59.0 32.8 19.9,19.9 125.0
(174.6) (60.5) (31.2) (19.4, 18.6) (119.2)
G25 174.2 44.4 1139 sU7
1741 46.9 117.8
1711 -44.2 1139
(173.2) (43.4) (108.8)
K28 174.3 52.8 35.6 24.7 27.8 42.0 33.0 119.5 SUS
1724 535 334 223 28.5 39.1 329 127
(174.9) (54.5) (31.4) (23.0) (27.3) (40.2) (32.7) (120.4)
G29 1724 47.2 17.0 SUS
168.6 42.4 104.1
(173.2) (43.4) (108.8)
A30 173.2 48.4 205 122.1 su7
127.4
171.3 49.5 20.5 119.2
(176.1) (50.8) (17.4) (123.8)
131 172.5 58.4 38.0 25.7,138 13.3 120.6 sU7
(174.7) (59.4) (37.1) (25.5,15.7) (11.2) (119.9)
132 173.8 56.7 40.2 25.2,159 12.4 125.0 SUS
172.2 5§7.0 387 24.6,15.3 121 125.0
(174.7) (59.4) (37.1) (25.5,15.7) (11.2) (119.9)
L34 17.0 52.1 44.8 27.0 ~24.0,22.5 ~128.0 sU7
441 263 24.0,229 ~-128.0
(175.9) (53.4) (40.7) (25.2) (23.2,21.6) (121.8)
M35 1m.2 52.1 34.6 30.8 16.7 125.4 SU7, SU6
(174.6) (53.7) (31.2) (30.3) (15.2) (119.6)
V36 171.8 58.8 31.9 18.9 126.6 SUS
(174.6) (60.5) (31.2) (19.4, 18.6) (119.2)

Values preceded by -~ have an uncertainty of 0.6 ppm. Otherwise, the uncertainty is 0.3 ppm. Values that could not be determined are indicated by ND. Values
in parentheses are random-coil shifts, taken from Wishart et al. (51) and adjusted to the TMS reference.




TABLE IX

CHEMICAL SHIFT VALUES FOR BACKBONE ATOMS USED IN DETERMINATION OF
SECONDARY STRUCTURE®

Residue -'H range 2-BC range 1-1C range
Ala 4.35 £ 0.10 52.2(+0.8, -0.5) 1776 0.5
Cys 465 = 0.10 56.8 (+0.8, ~0.5) 741 £ 0.5
Asp 4,76 = 0.10 539 (+0.8, -0.9 176.8 £ 0.5
Glu 429 £ 0.10 56.5(+0.8, —0.5) 176.6 * 0.5
Phe 4.66 = 0.10 579 (+0.8, -0.5) 175.5 £ 0.5
Gly 3.97  0.10 45.0 (+0.8, =0.5) 1736 + 0.5
His 4,63 £ 0.10 55 5(+0.8, -0.5) 1749 £ 0.5
lle 3.95 £ 0.10 2{+0.8, -0.9 176.5 = 0.5
Lys 436 = 0.10 56 5 (+0.8, 0.5) 1765 = 0.5
Leu 4,17 £ 0.10 55.0 (+0.8, -0.9) 176.9 £ 0.3
Met 452+ 0.10 55.2 (+0.8, 0.5) 1770 £ 0.5
Asn 475 = 0.10 52.7(+0.8, =0.5) 175.6 £ 0.5
Pro 444 £ 0.10 63.0 (+0.8, -0.5) 176.0 + 0.5
Gln 437 % 0.10 56.0 (+0.8, —-o S) 175.6 = 0.5
Arg 4.38 = 0.10 56 0(+0.8, -0.9) 176.6 = 0.5
Ser 4.50 = 0.10 1(+0.8, -0.9) 1747 £ 0.5
Thr 435 £0.10 62 0(+038, -0.9) 175.5 £ 0.5
Val 3.95 £ 0.10 62.2 (+0.8, -0.5) 176.0 = 0.5
Trp 470 + 0.10 57.6(+0.8, —0.5) 175.6 + 0.5
Tyr 4.60 £ 0.10 58.0(+0.8, -0.5) 175.9 = 0.5

“ Data are given in ppm, relative to DSS.



Structural information deduced from

solid state NMR spectroscopy

Secondary shifts are strongly correlated with
peptide or protein backbone conformation. In
particular, values for 3-strand segments are
characteristically negative for 1°C_ and *CO sites
and positive for °Cj; 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 3-strand. Thus,
the chemical shift data qualitatively suggest a
conformation for the structurally ordered part of
Ap 40 consisting of two [B-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.
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Fig. 2. BCNMR linewidths for CO, Ca, and CB sites in ApBy_qo fibrils, deter-
mined from 2D solid state NMR spectra as in Fig. 1. Linewidths of 2.5 ppm or
less indicate well-ordered conformations. Larger linewidths in the N-terminal
segment indicate structural disorder.



Structural information deduced from
solid state NMR spectroscopy

Secondary shifts Ad = 8, - Oy are strongly correlated with
peptide or protein backbone conformation. In particular, values
for B-strand segments are characteristically negative for 13C,
and °CO sites and positive for 1°Cy sites.

Multiplicity of chemical shifts was attributed to the differences
1n molecular structure associated with the differences in fibril
morphology.

13C chemical shifts for D23, V24, G25 and G29 are inconsistent
with expectations for a B-strand. Thus, the chemical shift data
qualitatively suggest a conformation for the structurally ordered
part of Ag,4, consisting of two [B-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 *C 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 Ag, 4 1s disordered in the fibrils.



Table 2. Residue-specific ¢ and s backbone torsion angles
(degrees) for AB1_4o fibrils, predicted from 3C and >N chemical
shifts in Table 1 or determined from measurements on the

doubly '3C-labeled DLn samples

¢, ¥ from chemical

¢, ¥ from chemical

¢, ¥ from

Residue shift set 1* shift set 27 DLn samples
G9 —-148 = 11, 151 = 15 —-148 = 11, 151 = 15

Y10 —127 29,124 =9 —127 9,124 £ 9

V12 —-119 8,124 = 10 —-119+8,124 £ 10

K16 —149 = 12,152 £ 8 —149 = 12,152 = 8

L17 —150 = 12,143 + 9 —150 12,143 £9

V18 —145 =9, 147 = 11 —145 = 8, 146 = 12

F19 —144 = 10, 141 = 12 —-144 = 10, 139 = 15

F20 —-147 =9, 151 £ 11 —-145 = 11, 152 = 13

A21 —137 =12, 143 = 16 —-127 =11, 141 = 19

D23 —145 = 16, 147 = 16 —83 £ 13,122 + 22

V24 -103 =10, 117 £ 11 —100 =12, 114 = 22 —-145, 115
G25 —88 + 30, 124 + 33 —58 48,11 =74 —70, —40
S26 68, —65
K28 —134 = 12,152 = 14 —151 = 14, 156 = 13

G29 —59 + 50,119 = 58 —150 + 18, 156 = 14 —120, —125
A30 —138 = 14,157 = 14 —144 = 12, 145 = 13 —165, 133
131 —113 = 16,127 =12 —-118 = 15, 129 = 11

132 —123 10,146 = 14 —127 =9,147 = 12

L34 —143 =9, 145 = 17 —144 = 8, 145 = 16

M35 —-141 9,138 = 11 —-141 £9,138 = 11

V36 —-118 =8, 120 = 11 —-118 =8, 120 = 11

*First chemical shift value for each labeled site in Table 1.

TSecond chemical shift value for each labeled site in Table 1, where more than
one value is observed.



(c) Distance dyy and torsion angles
relationship — Ramachandran plot
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Figure 7.7. Sequential distance dyyn in the ¢,—; plane; solid contour lines represent
fixed values of dyy as indicated on the right. The shaded areas A, B, and C are sterically
allowed for an alany! dipeptide (Ramachandran and Sasisekharan, 1968). «, 8, and 8,
indicate the ¢,—; combinations for the regular a helix, antiparallel 8 sheet, and parallel
3 sheet (from Billeter et al., 1982).



Structural information deduced from
solid state NMR spectroscopy

Secondary shifts Ad = 04,4 - 0.5 are strongly correlated with
peptide or protein backbone conformation. In particular, values
for B-strand segments are characteristically negative for 13C
and °CO sites and positive for 1°Cy 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 (3-strand. Thus, the chemical shift data
qualitatively suggest a conformation for the structurally ordered
part of Ag, 4, consisting of two [B-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 1°C 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 Ay, 4 is disordered in the fibrils.

13C chemical shifts for CO, C, and Cg sites and >N 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 ¢ = -
135° +25° and y = 140° +20°, consistent with a 3-strand
conformation, for all residues in the 9-21 and 30-36 segments.
Non-f3-strand ¢ and y values occur at D23, G25 and G29.
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Fig. 3. Solid state NMR data on DLn Apy_q fibril samples with 3C labels at
the indicated backbone carbonylsites. These data constrain the ¢ and irangles
of the second labeled residue. (a) fpRFDR-CT data and simulations for ¢ = 40°
(solid line), 80° (dashed line), 120° (dot-dashed line), and 160° (dotted line).
Simulations are scaled and baseline-corrected to match the first and last
experimental data points. (b) DQCSA data and simulations for &, i = —70°,
—40° (green); 70°, —65° (red); and —165°, 135° (black).




Structural information deduced from
solid state NMR spectroscopy

Linewidths in the 1.5-2.5 ppm range in solid state 1°C 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 Ay, 4 is disordered in the fibrils.

13C chemical shifts for CO, C, and Cj; sites and '°N 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 ¢ = -
135° +25° and y = 140° +20°, consistent with a 3-strand
conformation, for all residues in the 9-21 and 30-36 segments.
Non-f3-strand ¢ and y values occur at D23, G25 and G29.

In RFDR-CT measurements, the decay of 3C NMR signals from
the labeled carbonyl sites reflects the strength of 13C-1°C dipole-
dipole couplings, which depends primarily on the intramolecular
3C-13C distance and hence the ¢ 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 ¢ and y. The RFDR-CT and
DQCSA data for different samples are significantly different,
indicating significant differences in . Qualitatively, this result
indicates the presence of non-f-strand conformations.
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Fig. 4.  Structural model for AB;_g fibrils, consistent with solid state NMR
constraints on the molecular conformation and intermolecular distances and
incorporating the cross-g motif common to all amyloid fibrils. Residues 1-8 are
considered fully disordered and are omitted. (a) Schematic representation of a
single molecular layer, or cross-B unit. The yellow arrow indicates the direction of
the long axis of the fibril, which coincides with the direction of intermolecular
backbone hydrogen bonds. The cross-f unit is a double-layered structure, with
in-register parallel p-sheets formed by residues 12-24 (orange ribbons) and
30-40 (blue ribbons). (b) Central AB;-49 molecule from the energy-minimized,
five-chain system, viewed down the long axis of the fibril. Residues are color-
coded according to their sidechains as hydrophobic (green), polar (magenta),
positive (blue), or negative (red).
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Fig. 5. (a) Cross section of an Af_ g fibril with the minimal MPL indicated by
scanning transmission electron microscopy (13, 29), formed by juxtaposing the
hydrophobic faces of two cross-g units from Fig. 4. Residues 1-8 are included with
randomly assigned conformations. (b) Possible mode of lateral association to
generate fibrils with greater MPL and greater cross-sectional dimensions.



