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‘ Structural informationl

1. Interproton distances :
NOE o R
2. Dihedral angles :
J-coupling and Karplus equations
3. Chemical Shift Index (CSI) :
Chemical shift of H*, C>, CP, CO
4. Hydrogen bonding :
Amide proton exchange rates




Resonance assignment strategies
for small proteins

1. Spin system identification :
DQF-COSY and TOCSY experiments

2. Seguence-specific assignment :
NOESY experiment

**For protein < 10 kDa, 2D homonuclear
experiments may be sufficient for resolving
overlapping NMR resonances.

DQF-COSY : Double-Quantum
Filter-Correlation Spectroscopy

TOCSY : Total Correlation Spectroscopy

NOESY : Nuclear Overhauser Effect
Spectroscopy



TOCSY TOCSY TOCSY

COSY NOESY COSY NOESY COSY



Groups of Hydrogen Atoms in the Common

Amino Acid Residues with similar Random
Coil 'H Chemical Shifts".

.-\"H‘W}' * NH(bb)* NH, ‘.w_‘)' ¥ @ @

w Rin'i' aigr’S. T) %
| ] ] ] ] | ] ] | ] ]
| 1 I
10 5 ! & (ppm)
Code (ppm) Comments
CH; 0.9-1.4
B(a) 1.6-2.3 PHofV,I,LLE O, M P, R, K
A(b) 2.7-3.3 PHofC,D,N, F, Y, H W
T 1.2-3.3 Other aliphatic CH
o f(S,T) 3.9-4.8 All eH, pH of S and T
Ring 6.5-7.7 Aromatic CH of F, Y, W; 4H of H
2H(H) 7.7-8.6 2H of H in the pH range 1-11
NH(sc)* 6.6-7.6 Side chain NH of N, O, K, R
NH(bb)*  8.1-8.8 Backbone NH
NH(W)* 10.2 Indole NH of W

“In model peptides the labile protons (identified by *) are only
observed in H>O solution.
The singlet resonance of eCH; in Met is at 2.13 ppm.
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CIEAKLTDTTTES (13-mer peptide)

Fig 5-17 T£4:Den7 DQF-COSY%’%@', pH 5.0p~50mM phosphate
buffer 300 1 L*30 i L D20,298KEM 5 12 S




CIEAKLTDTTTES (13-mer peptide)
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1D proton NMR spectra of [-2(1-172)
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Spin-spin coupling constants In
peptides

Spin-spin coupling constants, like chemical
shifts, depend on chemical environment and
are therefore of great use in structure
determination.

J-coupling constants
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The flowchart of the protein structure

determination from NMR data

Protein in solution
~0.3 ml, 2 mM

]_

!

NMR spectroscopy
1D, 2D, 3D, ...

J

!

Sequence-specific

resonance assignment

!

|
|
|
o

Extraction of Structural

information

l

using distance geometry

{Calculation of initial structure]

!

Structure refinement using

—{ molecular dynamics simulation]—)[

Sample preparation :
protein isolation
purification,
characterization,
cloning,
isotopic labelling

Secondary
structure
Distances between
protons (NOE),
Dihedral angles

(J coupling),
Amide-proton
Exchange rate,

Chemical shifts index

Final 3D
structures




(@) HNCO : HN(i) —N(i)—C'(i-1)
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(b) HN(CA)CO : H'\'(')—>N(i)~C°°(i)-C'(i)



Co(i-1)

(c) HNCA : HN(i) —N(i) <Ca(_)

(d) HN(CO)CA : HN(i)—N(i)— C*(i-1—Cx(i-1)

I I
—C— —C—

IRASANE

H H O O



Co(i-1)—Ch(i-1)
C°‘(')~C'3(')

s

(f) CBCA(CO)NH :
Ho(j-1)— CT(i-l)-C'(i-l) — N(i)— HN(i)

(e) HNCACB : HN(i)~N(i)<

HB(i-1)—CB(i-1)




(9) HN(COCA)HA : HN(i)— N(i)— C'(i-1)
—C(i-1)— H(i-1)

I
—C—

I
it

(h) HN(CA)HA : HN(i) —N (i)—Ce(i)—H<(i)



(i) TOCSY-HSQC : H(i) — HA(i)— He(i)
— HN(i)—N()

tu ot
i

(i) HCCH-TOCSY : He(i)—Ce(i)
HB i) — CA(i)?
Hi(i) —C(i)?
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2D 'H-I5SN-HSQC spectra of uniformly
and specifically >’N—-enriched I-2(1-172)
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Three-dimensional CBCA(CO)NH Spectrum




o, (BC), @, (*H) projection of
three-dimensional CBCA(CO)NH spectrum




Strip plot of 3D CBCANH spectrum of inhibitor-2(1-172)
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Strip plot of 3D HN(CA)CO spectrum of 1-2(172)
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Select NOESY cross-peaks

Adjust chemical shifts I

!

Assign NOEs

Uniquely
assigned

Ambiguously
assigned

| Unassigned I

Restraints

Intermediate structures

Reassign ambiguous NOEs




Table 1. Structural statistics for the 20 final NMR
structures of NRho

NMR constraints
Distance constraints

Total NOE 1830
Unambiguous 1469
Ambiguous 361
Intra-residue® 585
Inter-residue” 884

Sequential (li—j| =1) 344
Medium- -range ( li—j | =4) 305
Long-range (| I—] | >5) 235
Hydrogen bonds® 54

Dihedral angles
D 48
W 48

Structure statistics®

Violations )

NOE violations>0.5 A 0
Dihedral angle violations>5° 0

Deviations from 1dea114ed geometry
Bond lengths (A) 7.60x10 °+2.38<10 *
Bond angles (°) 0.96+0.03
Impropers () 2.45+0.09

Agreement with experimental restraints
NOE 5.46x10 2+2.69x10 °
Dihedral angles 0.81+0.11

Average RMSD (A)?

Backbone® 0.45+0.09 (0.25+0.06)
Heavy atoms"® 0.89+0.08 (0.79+0.13)

Ramachandran plot
Most favored (%) 69.8 (71.5)(92.9)
Additionally allowed (%) 22.0 (19.4)(7.1)
Generously allowed (%) 7.5 (9.1)(0.0)
Disallowed (%) 0.7 (0.0)(0.0)

Sp]lt‘-; shown only for unalnblguous assignments.
I—Iydrogtn bond restraints were HY_O distance of 1.8-2.3 A
and an N—O distance of 2.8-3.3 A.
¢ Structural characteristics for the final ensemble of 20 water-
refined structures.
4 RMSD of the mean structure from individual structures in the
ensemble.
¢ RMSD for residues 3-66 shown (these residues have 'H™-
{("NJNOE at 800 MHz>0.6). The numbers in the parentheses
mdlcatt the RMSD for regions with definite secondary structure.
f Ramachandran plot data shown for residues 3—66. The first
set of numbers in parentheses indicates the statistics for the
smaller subset after removal of residues (3, 5, 6, 7, 35, 36 and 42)
shown to undergo a significant amount of conformational
exchange. The second set indicates the characteristics for those
residues in ordered regions of definite secondary structure.




Solid-state NMR application |1

- macromolecules

(@) a-Spectrim SH3 domain
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Figure 2. NCO (left) and NCA (right} spectra of the precipitated «-spectrin SH3 sample recorded with the pulse sequence shown in Figure 1a with appropriate settings
for carbon power and frequency. The spinning frequency was 12 kHz, and the temperature was adjusted to 278 K. Assigned signals are indicated with the respective
residue type and number. In the spectrum at the left, the NCO cross peaks yielding sequential information are indicated with the residue contributing to the nitrogen
chemical shift first, followed by the residue that contributes to the carbonyl chemical shift. Both spectra were processed to yield optimal resolution by applying a phase
shifted by /3 sine-bell function in t, and a Lorentz - Gauss transformation in t;.

Pauli et al., ChemBioChem., (2001), 2, 272-281
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Table 1. "C and "°N chemical shift values (8) of the precipitated a-spectrin SH3 domain.

Residue ISN IBCO Iica chﬁ 13c-,' I}Cd I3cs Iica,l IECE
E7 122.0 176.2 55.9 312 36.4

L8 121.5 176.9 53.0 46.0 26.5 23.5/22.6

Vo 110.9 1726 57.3 357 23.7/20.4

L10 123.7 1764 52.8 46.6 27.4 26.4/24.2

All 127.5 1779 52.4 19.8

L12 127.8 174.9 55.9 43.1 26.7 25.4/21.9

Y13 110.0 173.8 55.2 43.5

D14 117.4 176.5 54.6 41.8

Y15 118.6 1728 60.1 43.5

Q16 126.5 174.0 53.8 29.6 338

El7 122.0 1744 55.7 334 37.3

K18 123.4 1746 55.0 34.8 26.2 294 420
519 113 1733 56.5 63.7

P20 137.2 177.0 65.0 321 27.3 50.1

R21 112.0 1752 55.2 34.1 27.2 43.9

E22 1193 174.8 54.8 339 375

V23 1122 1720 59.1 35.0 21.3/19.8

T24 116.4 1743 61.8 71.8 213

M25 121.1 1735 53.8 364 317

K26 125.0 174.9 53.7 34.2 244 2838 420
K27 122.2 1779 58.5 3Z5 243 29.7 420
G28 1163 1739 44.6

D29 121.8 175.0 55.1 422

130 119.8 176.7 58.3 359 26.8/18.1 11.4

L31 128.4 177.0 53.3 425 28.1 27.4/26.4

32 118.8 173.8 62.7 69.8 225

L33 130.1 1744 55.0 43.0 26.8 25.5/23.8

L34 125.7 1776 55.0 43.0 26.8 26.0/22.2

N35 1139 174.6 54.4 41.5

536 124.8 1735 56.8 62.0

137 1126 1757 65.0 709 216

N38 126.0 174.8 54.0 41.6

K39 121.4 176.2 58.2 334

D40 115.3 177.2 5.7 44.4

W41 122.7 174.2 55.9 329 111.0 128.5/128.5 139.0/118.7 114.8/121.0 1257
w42 123.6 174.8 53.5 316 112.2 126.1/1293 139.3/121.1 114.7/1199 1243
K43 119.6 174.8 54.0 338 242 293 420
Va4 121.9 1731 59.3 364 21.0/18.6

E45 120.0 1755 56.1 309 348

V46 59.9 33.1 20.8/19.8

N47 1775 55.0

D48 113.9 174.6 54.1 40.5

R49 122.2 176.6 55.2 34.1 27.2 43.9

Q50 116.6 1759 53.1 31.6 333

G51 106.8 170.5 45.9

F52 118.6 1753 58.8 42.5 140.2 131.5/131.5 131.4/131.4 129.3
V53 110.0 1726 57.9 33.5 22.3/17.0

P54 136.8 177.7 61.6 30.1 283 50.0

A55 129.0 178.7 54.0 15.9

A56 113.0 172.7 52.8 18.2

Y57 113.4 1744 54.8 37.2 1333 118.5 130.8 159.5
V58 110.7 173.8 57.8 355 22.4/19.8

K59 119.6 1764 54.0 37.2 24.7 29.6 42.0
K60 126.7 176.6 58.4 334 26.0 29.6 420
L61 125.7 175.6 54.3 41.4 294 26.6/23.0

D62

Pauli et al., ChemBioChem., (2001), 2, 272-281




a-13C Chemical Shift VValues Categorized
According to Secondary Structural Assignmenta-d

Residue® Helix B Strand Coil Spera Richarz

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

Ala(112) 547 50.3 52.4 52.3 50.8
Cys(27)  60.0 56.1 56.0 56.9 53.9
Asp (97)  56.7 52.3 54.2 54.0 52.7
Glu(132)  59.2 54.6 56.4 56.4 55.4
Phe (74)  60.7 56.1 57.8 58.0 56.2
Gly (121) 465 44.6 45.4 45.1 43.9
His (24) 585 55.1 55.5 - 53.6

lle (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)  65.9 62.5 53.2 63.1 61.9
GIn(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
Trp(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.

b 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 in Peptides and Proteins?

Residue  o-'HP N-H 2-18C 1-8C 5N
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

lle 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 4.42 - 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

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

b o-1H shifts were measured using the hexapeptide GGXAGG in 1M urea at
25C.

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



Dipolar splitting and
Chemical shifts

F(p, 7) = (chemical shift(p, 7), dipolar splitting(p, 7))
= (o(—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 1)’ 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 (61;=31.3, 02=55.2, 633=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 analvsis in this manuscript, n, the bilayer normal, is always aligned parallel to B, (A} Definitions
of 7 and p for an a-helix. = = 07 occurs when the helix axis, k;, is parallel o By, 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 (v, = 313, 75y = 552, gy; = 20018 ppm) and the relative crientations of the dipolar and chemical

shifl 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 & helix tilt of 38 = 3°. Note that the center 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, D, G, and J. Helical wheels rotated by various valuss of the polar
angley, B, E H. and K. Helices rotated through various values of y about their
long axes (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 wheals are highlightad. The light gray areas in B, E, H, and K represent
the lipid bilayer.
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FIG. 1. (&) Dipolar splittings observed from PISEMA spectra of multiple and single site [abaled preparations of M2-TMP in hvdrated lipid bilayers aligned
with the bilayer normal parallel to the magnetic field direction. The spectra were obtainad (Song &f af, 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 (PT3) switch time. The £, duration was incremented from 0 to 24 LG cyeles and the refocused N pnal was typically acquired with 2000 transients
for each f, increment. Spectral svmmetry in the dipolar dimension was achieved by selting the imaginary part of the data to zero before the Fourler fransform
apainst f;. The experimental error in the chemical shift dimension is =5 ppm and in the dipolar dimension it is 1 kHz. (B) Display of the dipolar splittings
(*) al ther observed chemical shift. The resonances are conmnected in helical wheel fashion. Sinee the two wheels are mirror images displaving identical
information, only one will be usad in the following figures.



Determination of rotational orientation of
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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 p; = -3 £ 107
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FIG. 4. (A) Best fit (C) to the 5-sile 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
[le33 3] M 202
[le3) 3 36 210
[le39 30 M 195
Leud( 3 5 203
Trpdl 3 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 is 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 23° in 2° increments, where 6 +
Bo = 1227, 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.



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*®
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Fig. 1. {A) Electron micrographs of negative-stained Ag:..y; fibrils adsorbed
tocarbon films from an Ags-g solution after incubation at 24°C and pH 7 4for
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
Afr_go peptides were labeled with '%C at the methyl carbon of Ala-21, subse-
quentlywaslyophilized for MQNMR measurements shown in Fig. 2. (B) Av-a
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 aiis 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,
because observation of an p-quantumsignal requires that at least n “*C nuclei
be close enough inspace to havesignificant magnetic diple-dipol couplings.




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

DAEFRHDSGYEVHHOKLVFFAEDVGSNKGAIIGIL.M-
VGGVYV 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 MOQNMR spectra of fibrillized and unfibrillized Ag._.; 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 8, 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 (C), the three-quantum amplitude is small and no four-
quantum signal is obsenved.
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Fig. 3. Comparison of experimental MQNMR amplitudes (black) with sim-
ulations for parallel (red), trimeric {green), dimeric (blue), and antiparallel
organizations of f-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-gquantum amplitude of 100. A logarithmic vertical scale
is required because the amplitudes vary over 2 orders of magnitude. The
parallel g-sheet mode| 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 Af-a
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*,
and Robert Tycko*1
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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;_4 solution. A 3X
expansion (/nset) shows fibrils with the smallest diameters observed. (b) 2D
13C-13C chemical shift correlation spectrum of Apq_4p 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 AB1_4o fibril sample SU6.



Table 1. 13C and >N NMR chemical shift values (ppm) for 3C- and "5N-labeled sites in Ap1_4o fibrils, referenced to TMS
(tetramethylsilane) or liquid NH;

Residue co C. Cs c, Cs C C. N; N Sample
A2 173.7 49.9 18.2 ND SUg
(176.1) (50.8) (17.4)
D7 -173.0 51.5 40.4 177.9 120.6 SUe
(174.6) (52.5) (39.4) (178.3) (120.4)
GY 169.3 42.9 107.2 SUB
(173.2) (43.4) (108.8)
¥10 172.0 55.0 395 126.5 130.7 116.5 156.2 122.4 SU6
(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, 188 127.0 sUg
(174.6) (60.5) (31.2) (19.4, 18.6) (119.2)
K1é 17.5 52.7 341 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 170.2 589 336 19.2 121.7 CUb
(174.6) (60.5) (31.2) (19.4, 18.6) (119.2)
F19 170.2 55.3 41.0 135.7 129.6 129.6 125.8 130.5 CUg, 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 1258 ND Cué
(174.1) (56.0) (37.9) (137.2) (130.2) (129.8) (128.2)
A21 1727 48.2 21.0 120.9 CUs
174.0 48.0 18.9 126.3
(176.1) (50.8) (17.4) (123.8)
D23 173.1 51.0 41.9 180.2 1185 SUS
1741 52.4 39.4 178.0 1233
(174.6) (52.5) (39.4) (178.3) (120.4)
V24 173.8 586 31.3 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
17ma 46.9 117.8
7.1 ~44.2 1139
(173.2) (43.4) (108.8)
K28 174.3 52.8 35.6 247 27.8 42.0 330 119.5 SUS
1724 53.5 334 22.3 28.5 39.1 329 naiz
(174.9) (54.5) (31.4) (23.0) (27.3) (40.2) (32.7) (120.4)
G29 1724 47.2 117.0 SUS
168.6 42.4 104.1
(173.2) (43.4) (108.8)
A0 173.2 48.4 20.5 122.1 sU7
127.4
7.3 49.5 20.5 119.2
(176.1) (50.8) (17.4) (123.3)
131 172.5 58.4 38.0 257,138 133 1206 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 57.0 387 246,153 121 125.0
(174.7) (59.4) (37.1) (25.5,15.7) (11.2) (119.9)
L34 171.0 52.1 44.8 27.0 -24.0,22.5 -128.0 sU7
44.1 263 240,229 ~128.0
(175.9) (53.4) (40.7) (25.2) (23.2, 21.6) (121.8)
M35 171.2 52.1 34.6 30.8 16.7 125.4 SU7, sUe
(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 o-'H range 2-BC range 1-1C range
Ala 4.35 £ 0.10 522 (+0.8, -0.5) 1776 £ 0.5
Cys 4,65 £0.10 56.8 (+0.8, -0.9) 174.1 £ 0.5
Asp 476 £ 0.10 53.9(+0.8, -0.5) 1768 + 0.5
Glu 429 £ 0.10 56.5 (+0.8, —0.5) 176.6 = 0.5
Phe 4,66 = 0.10 519 (+0.8, -0.5) 175.5 £ 0.5
Gly 3.97 +0.10 45.0 (+0.8, =0.5) 173.6 £ 0.5
His 4.63 £ 0.10 55 5 (+08 -0.5) (749 £ 0.5
lle 3.95 £ 0.10 2{+08, -0.9 176.5 £ 0.5
Lys 436 + 0.10 56 5(+0.8, ~0.5) 176.5 + 0.5
Leu 4,17 £ 0.10 55.0 (+0.8, -0.5) 176.9 £ 0.5
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, —0.5) 175.6 £ 0.5
Arg 438 £ 0.10 56 0(+08, —0.5) 176.6 = 0.5
Ser 4.50 £ 0.10 1(+0.8, -0.5) 1747 £ 0.5
Thr 435 £ 0.10 62 0(+0.8, -0.9) 175.5 £ 0.5
Val 3.95 = 0.10 62.2 (+0.8, -0.9) 176.0 £ 0.5
Trp 4,70 + 0.10 57.6 (+0.8, -0.5) 175.6 £ 0.5
Tyr 4,60 £ 0.10 58.0 (+0.8, -0.5) 1759 £ 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 -strand segments are
characteristically negative for 13C_ and 3CO sites
and positive for 13Cg 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 -strand. Thus,
the chemical shift data qualitatively suggest a
conformation for the structurally ordered part of
Ag40 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_gq 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., - O0j @re strongly correlated with
peptide or protein backbone conformation. In particular, values
for B-strand segments are characteristically negative for 13C,
and +3CO sites and positive for °Cg 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 B-strand. Thus, the chemical shift data
qualitatively suggest a conformation for the structurally ordered
art of Ag, 4o consisting of two B-strands that are separated by a
end or Igop 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 Ag, 4, Is 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.
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Figure 7.7. Sequential distance dyn 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 alanyl dipeptide (Ramachandran and Sasisekharan, 1968). «, 8, and 8,
indicate the ¢,—s, combinations for the regular a helix, antiparailel 8 sheet, and parallel
B sheet (from Billeter et al., 1982).



Structural information deduced from
solid state NMR spectroscopy

Secondary shifts Ad = &s;p,ij - Oc0iy @re strongly correlated with
peptide or protein backbone conformation. In particular, values
for B-strand segments are characteristically negative for 13C
and +3CO sites and positive for °Cg 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 B-strand. Thus, the chemical shift data
gualitatively suggest a conformation for the structurally ordered
art of Ag, 4o consisting of two B-strands that are separated by a
end 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 Ay, is disordered in the fibrils.

13C chemical shifts for CO, C, and C; 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-B-strand ¢ and y values occur at D23, G25 and G29.
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Fig. 3. Solid state NMR data on DLn ABy_q fibril samples with 3C labels at
theindicated 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 ¢, iy = —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 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 Ay, is disordered in the fibrils.

13C chemical shifts for CO, C_ and C; 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-B-strand ¢ and y 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 3C-1°C dipole-
dipole couplings, which depends primarily on the intramolecular
13C-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-B-strand conformations.
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Fig. 4.  Structural model for ABy_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 ApB1-4o fibril with the minimal MPL indicated by
scanning transmission electron microscopy (13, 29), formed by juxtaposing the
hydrophobic faces of two cross- units from Fig. 4. Residues 1-8 are included with
randomly assighed conformations. (b) Possible mode of lateral association to
generate fibrils with greater MPL and greater cross-sectional dimensions.



