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Abstract Alzheimer’s disease (AD) is the most common

form of dementia. Aggregation of amyloid b (Ab), a pep-

tide of 39-43 residues length, into insoluble fibrils is

considered to initiate the disease. Determination of the

molecular structure of Ab fibrils is technically challenging

and is a significant goal in AD research that may lead to

design of effective therapeutical inhibitors of Ab aggre-

gation. Here, we present chemical-shift assignments for

fibrils formed by highly pure recombinant Ab1-40 with

the Osaka E22D mutation that is found in familial AD. We

show that that all regions of the peptide are rigid, including

the N-terminal part often believed to be flexible in Ab wt.

Keywords Alzheimer’s disease � Solid-state NMR

spectroscopy � Amyloid beta � Amyloid structures � Fibrils

Biological context

The aggregation of amyloid-b (Ab, a peptide of 39-43

residues length) and accumulation in extracellular deposits

in the brain are key events in Alzheimer’s disease (AD),

the most prevalent neurodegenerative disease in elderly

people (Hardy and Selkoe 2002). Ab is formed from pro-

teolytic cleavage of the amyloid precursor protein (APP)

by b- and c-secretase. Ab1-40 and Ab1-42 are the main

isoforms occurring in the human brain. Ab1-42 is sig-

nificantly less abundant than Ab1-40 (Tomiyama et al.

2008) but is believed to have a higher tendency to aggre-

gate (Irie et al. 2005). AD mostly occurs spontaneously

with late onset. A small number of AD cases have a

familial background, though, and are caused by mutations

in the genes coding for APP or presenilin (Levy-Lahad

et al. 1995). Recently, the Osaka mutation E22D within the

Ab sequence was found in Japanese AD patients (Tomiy-

ama et al. 2008). Ab1-40 E22D forms fibrils with a dif-

ferent EM signature than Ab1-40 wt. It has an increased

tendency to form fibrillar bundles, a higher thioflavin T

binding capacity and is significantly more toxic in rat pri-

mary neurons than Ab1-40 wt (Ovchinnikova et al. 2011),

which might explain the early onset of AD caused by this

mutation.

While Ab is generally known to form amyloid fibrils,

determination of its atomic-level structure has long been

hampered since the classical tools, X-ray crystallography

and solution NMR spectroscopy, cannot provide sufficient

information. Solid-state NMR has recently become a

method that provides atomic-level insights into the struc-

ture of insoluble and non-crystalline proteins (Debelou-

china et al. 2010; Zech et al. 2005; Van Melckebeke et al.

2010; Castellani et al. 2003; Wasmer et al. 2008; Loquet

et al. 2008; Manolikas et al. 2008; Franks et al. 2008).
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Although numerous solid-state NMR studies on a multitude

of polymorphs of Ab fibrils have been published to date

(reviewed in Tycko 2006, 2011; Bertini et al. 2011; Lopez

del Amo et al. 2012) no atomic resolution structure has

been obtained so far. A limiting step in the determination

of the atomic-resolution structure of Ab fibrils by solid-

state NMR is the preparation of isotopically labeled Ab
fibrils in sufficient quantity, and, even more critical, in

Table 1 Experimental parameters for the NMR spectra

Experiment NCACB CANCoCX NCOCX CCC NCACO NcoCACB NCA DARR

15 ms

1H Larmor frequency

(MHz)

600 850 600 600 600 600 850 850

Isotope Labeling [U-13C15N] [U-13C15N] [U-13C15N] [U-13C15N] [U-13C15N] [U-13C15N] [U-13C15N] [U-13C]

MAS frequency (kHz) 13 19 13 13 13 13 19 19

Transfer 1 HN-CP HC-CP HN-CP HC-CP HN-CP HN-CP HN-CP HC-CP

Field (kHz)—1H 71.1 72.8 81.6 130.4 70.7 74.1 62.3 75.8

Field (kHz)—X 59.0 61.6 54.4 119.6 57.6 46.8 62.5 63.0

Shape Tangent Tangent Tangent Tangent Tangent Tangent Tangent Tangent

Carrier (ppm) – CA – – – – – 100

Time (ms) 1 0.4 1.2 0.5 1 1 1.2 1

Transfer 2 NC-CP CN-CP NC-CP DREAM NC-CP NC-CP NC-CP DARR

Field (kHz)—1H 94.4 93.3 109.7 97.7 79.4 83.1 88.1 18.7

Field (kHz)—13C 4.1 6.2 4.3 15.7 4.3 3.9 10.8 –

Field (kHz)—15N 17.7 13.0 16.7 – 18.6 16.6 24.0 –

Shape Tangent Tangent Tangent Tangent Tangent Tangent Tangent –

Carrier (ppm) CA CA CO 55 CA CO CA –

Time (ms) 6 5.5 4 4 5.5 7 6 15

Transfer 3 DREAM NC-CP DARR DARR DARR MIRROR – –

Field (kHz)—1H 94.4 83.1 12.9 12.8 13.4 17.9 – –

Field (kHz)—13C 6.0 6.2 – – – – – –

Field (kHz)-15N – 13.4 – – – – – –

Shape Tangent Tangent – – – – – –

Carrier (ppm) 59 CO – – – – – –

Time (ms) 3 5.5 50 50 10 10 – –

Transfer 4 – MIRROR – – – DREAM – –

Field (kHz)-1H – 15.9 – – – 91.2 – –

Field (kHz)-13C – – – – – 6.0 – –

Shape – – – – – Tangent – –

Carrier (ppm) – – – – – 59 – –

Time (ms) – 30 – – – 3 – –

t1 increments 36 128 54 172 52 48 1,024 2,560

Sweep width (t1) (kHz) 3.35 11.7 4 20 3.65 4 40 100

Max. acq time (t1) (ms) 5.3 5.4 6.8 5.4 7.1 6 12.8 12.80

t2 increments 90 64 96 172 108 100 1,280 3,072

Sweep width (t1) (kHz) 8.3 4.3 6.8 20 8.3 9 83.3 100

Max. acq time (t2) (ms) 5.4 7.3 7.1 5.4 6.5 5.5 15.4 15.36

t3 increments 1,280 1,536 1,280 1,280 1,280 1,280 – –

Sweep width (t3) (kHz) 50 100 50 50 50 100 – –

Max. acq time (t3) (ms) 12.9 7.8 12.9 12.9 12.8 12.8 – –
1H Spinal-64Dec. (kHz) 90 88 91 91 85 86 91 100

Interscan delay (s) 1.8 2.6 2 1.9 1.4 1.6 2 2.5

Number of scans 8 16 16 4 32 32 8 2

Measurem. time (h) 13.1 95.5 47.7 64.6 71.4 69.6 4.6 3.6
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sufficient quality and conformational homogeneity to

record high-resolution spectra. Only then, sequential reso-

nance assignments can be achieved as a first step in 3D

structure determination.

Methods and experiments

Preparation of [U-13C,15N]-Ab1-40 E22D fibrils

The plasmid for expression in Escherichia coli of Ab1-40

E22D has been described previously (Ovchinnikova et al.

2011). The expression was performed in E. coli BL21

(DE3) under T7 promoter control in M9 minimal medium

containing 100 lM CaCl2, 1 lM FeCl3, 10 lM ZnCl2,

1 mM MgSO4, 13C-glucose (2 g/L) and 15N-NH4Cl (1 g/L),

and cells were induced at OD600 * 1.0 for 10 h at 37 �C

with 1 mM IPTG. Ab1-40 E22D was produced as a fusion

to the peptide sequence (NANP)19 with N-terminal hexa-

histidine tag and subsequently cleaved of the fusion protein

with TEV protease as described earlier (Ovchinnik-

ova et al. 2011). The high purity and identity of the peptide

was verified by MALDI-TOF mass spectrometry using

sinapinic acid as matrix (data not shown). Ab1-40 E22D
was dissolved in 10 mM NaOH to concentration of

150-200 lM and subjected to ultracentrifugation for 1 h

at 135,500g and 4 �C. The stock solution was kept on ice

and used for preparation of the fibrils within 24 h. The
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Fig. 1 Solid-state NMR spectra

of Ab1-40 E22D fibrils

acquired at a magnetic field of

20.0 T and MAS at a frequency

of 19 kHz. a 2D 13C-13C

DARR spectrum with a mixing

time of 15 ms measured on

[U-13C] labeled fibrils. b NCA

spectrum of [U-13C,15N]

labeled fibrils. The sequence

specific assignments indicated

were derived from a sequential

backbone walk in 3D spectra as

shown in Fig. 2. Blue labels

correspond to peaks from a

second minor polymorph with a

much lower relative abundancea

in the [U-13C] sample
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aggregation reaction was performed at 37 �C and 700

revolutions per minute (rpm) with 35-50 lM Ab (final

concentration) in 10 mM H3PO4-NaOH pH 7.4 and

100 mM NaCl. The aggregation reaction was started by

dilution of the Ab stock solution in 10 mM NaOH with an

aggregation buffer mix resulting in pH 7.4 and the final

concentrations indicated above.

Sample preparation for NMR

The fibrils were centrifuged for 45 min at 29,400g and 4 �C,

washed with MilliQ water and centrifuged again as described.

The pellet containing approximately 12 mg Ab1-40 E22D
fibrils was resuspended in ca 400 lL MilliQ water and packed

into a 3.2 mm ZrO2 rotor (Bruker Biospin) using ultracentri-

fugation and a home made filling device (Böckmann et al.

2009), in a SW41-TI swing-out rotor spinning at 25,000 rpm
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Fig. 3 a Overlay of 2D [13C;13C] DARR spectra (15 ms mixing,

19 kHz MAS, 20 T B0) of Ab1-40 E22D fibrils of two independent

preparations of the sample. Red sample 1, [U-13C, 15N]. Blue sample

2, [U-13C]. Polymorphic signals that are only observed in the sample

1 are labeled. The letters B and C in front of the residue names

indicate polymorph B and C. Traces where 1D spectra were extracted

are indicated by the gray lines at d1(13C) = 28.1 ppm and

d1(13C) = 60.7 ppm b Traces from DARR spectra of Ab1-40

E22D fibrils for the two independent preparations of the sample
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for 16 h in an optima L90-K ultracentrifuge (Beckmann). The

drive tip of the rotor was sealed with epoxy glue (Araldit) to

prevent dehydration of the sample.

NMR spectroscopy

We used two sets of 3D experiments for backbone assign-

ments, namely NCOCA, NCACO and CANCO as well as

NCACB, N(CO)CACB and CAN(CO)CA as described

previously (Schuetz et al. 2010) and completed the side-

chain assignment with 3D CCC and 2D DARR spectra.

Spectra were recorded on a Bruker Advance II ? spec-

trometer operating at 850 MHz 1H Larmor frequency with

magic-angle-spinning (MAS) at 19 kHz or on a Bruker

Advance spectrometer operating at 600 MHz 1H Larmor

frequency at MAS frequency of 13 kHz. Spectra were pro-

cessed with Topspin (Bruker Biospin) and analyzed with

CCPN (Vranken et al. 2005; Stevens et al. 2011). Detailed

experimental conditions are given in Table 1.

Chemical-shift analysis

Secondary chemical shifts were obtained by subtracting the

random-coil shifts as tabulated in Wang and Jardetzky

(2002) from the observed chemical shifts. Secondary

structure was predicted using TALOS? (Shen et al. 2009).

Fig. 5 Assignment graph of Ab1-40 E22D created using the CCPN software (Stevens et al. 2011). Black dots indicate assigned spins, while the

unassigned one is shown in white

Fig. 6 Difference of Ca and Cb secondary chemical shifts (Wishart

and Sykes 1994) derived from sequential assignments in 3D spectra of

labeled Ab1-40 E22D fibrils. For glycine DdCa is plotted and the

corresponding residues bars are plotted in gray. Three negative

secondary shifts in a row are indicative for b-sheet structure. Blue

arrows are drawn for TALOS? predicted b-sheet regions where

glycines were left out. The intensity of signal from polymorphs B and

C varies for the different samples and is largest for the [U-13C, 15N]

rotor (approx. 60 % that of polymorph A) and lowest in the [U-13C]

rotor (approx. 10 % of the intensity of polymorph A)

Solid-state NMR sequential assignment 11
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Only values without warning were considered and glycine

residues were generally left out.

Assignment and data deposition

Fibrils of Ab1-40 E22D yield 2D 13C-13C and 15N-13C

spectra with narrow lines (linewidth typically 0.5 ppm)

reflecting a homogenous sample, as shown in Fig. 1. Using

3D methods (Schuetz et al. 2010) 95 % of the backbone

resonances could be sequentially assigned. The remaining

resonances were assigned with 2D 13C-13C and 2D 13C-15N

spectra and all but one resonance were assigned (99.6 %). The

chemical shifts have been deposited in the BMRB under the

accession number 19393. All residues of the peptide are vis-

ible in spectra based on dipolar transfers, indicating that they

are all rigid. In particular, also the N-terminal part of Ab that

has been described as being flexible in wt-Ab (Fändrich et al.

2011) yields strong, narrow resonances. A representative strip

plot of the sequential assignment is shown in Fig. 2. For

residues 11-14, 24-31 and 34, two or three sets of reso-

nances are observed (vide infra). The intensity of the second

set of resonances with respect to the main resonances varies

for the different fibril preparations ([U-13C,15N], and

[U-13C]) studied between 60 and 10 %. We were able to

reduce the amount of polymorphic fibrils in the [U-13C] rotor

to 10 % by removing the fibrils from the rotor, resuspending

them in water and repacking the rotor. This, combined with

the fact that the resonances are sharp (ca. 0.5 ppm linewidth)

indicates that the fibril is well ordered and the packing of the

monomers is highly symmetric. The second set of resonances

must be from fibrils of a different morphology that have dif-

ferent sedimentation properties and cannot be due to structural

inhomogeneity within the fibril. Figure 3a shows an overlay

of DARR spectra of the two fibril preparations, the

[U-13C,15N] sample 1 (in red), and the [U-13C] (in blue)
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Fig. 7 Comparison of the

secondary structure derived

from the Ab1-40 E22D
sequential assignments

presented here with values

reported in the literature for

Ab1-40 and Ab1-42
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sample 2 after washing. In the 1D extracts in Fig. 3b, it can be

seen that the resonances in sample 2 are sharper, and the minor

signals are greatly attenuated.

In Fig. 4, an extract of the aromatic region of a PAIN spec-

trum illustrates the disorder observed for the His14 side chain

resonances, displaying the tentative assignment of the broad 14H

Ne2 resonance clearly correlating to 14H Cc. 14H Nd1 is the

only unassigned spin, since no signal could be observed for it.

Figure 5 shows the assignment graph to illustrate the com-

pleteness of the assignments of the major polymorph.

The secondary chemical shifts (Fig. 6) and the secondary

structure prediction with TALOS? (Shen et al. 2009) are

consistent with most of the protein being in b-sheet confor-

mation. Clear exceptions are residues E 3 and G 25, which

show chemical shifts corresponding to turns. Gly 9, Phe 20,

Asp 23, Gly 33 and Gly 37 have non b-sheet chemical shifts

but the TALOS? prediction of the secondary structure is

inconclusive. The secondary chemical shifts of the minor

polymorph of His 14 is indicative of a turn, in contrast to the

His 14 resonances of the major polymorph.

Figure 7 compares the secondary structure derived from

the sequential assignments to values reported in the litera-

ture. As evidenced by the different location of the arrows for

nearly all data shown, Ab1-40 E22D shows a different

conformation from all until now sequentially assigned forms

of Ab. The near-complete assignment of the major poly-

morph of Ab1-40 E22D forms the basis for high-resolution

3D structure determination of this important Ab variant.
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