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Amyloid-p (Ap) is present in humans as a 39- to 42-amino acid
residue metabolic product of the amyloid precursor protein. Al-
though the two predominant forms, Ap(1-40) and Ap(1-42), differ
in only two residues, they display different biophysical, biological,
and clinical behavior. Ap(1-42) is the more neurotoxic species, ag-
gregates much faster, and dominates in senile plaque of Alzheimer's
disease (AD) patients. Although small A oligomers are believed to
be the neurotoxic species, Ap amyloid fibrils are, because of their
presence in plaques, a pathological hallmark of AD and appear to
play an important role in disease progression through cell-to-cell
transmissibility. Here, we solved the 3D structure of a disease-
relevant A(1-42) fibril polymorph, combining data from solid-state
NMR spectroscopy and mass-per-length measurements from EM. The
3D structure is composed of two molecules per fibril layer, with resi-
dues 15-42 forming a double-horseshoe-like cross—f-sheet entity with
maximally buried hydrophobic side chains. Residues 1-14 are partially
ordered and in a B-strand conformation, but do not display unambig-
uous distance restraints to the remainder of the core structure.
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Izheimer’s disease (AD) is the most prevalent neurodegen-

erative disease that still has no known cure and increasing
incidence. The disease is characterized by the development of
extracellular plaques and intracellular neurofibrillary tangles.
The senile plaques consist mainly of amyloid beta (Ap) fibrils (1,
2). The AP peptide is generated from the amyloid precursor
protein (APP) by the proteolytic activities of B- and y-secretase
(3). The amyloid fibrils of Af are a pathological hallmark of AD
disease and may play a central role in cell-to-cell transmissibility
(reviewed in ref. 4), although their precise role in toxicity is
unclear, rather with an oligomeric entity of Ap to be most neuro-
toxic (5). The structure of A fibrils is therefore important for a
detailed understanding of the aggregation process and a molecular
understanding of the progression of the disease, as well as for the
development of therapeutic and diagnostic approaches.

The AP(1-42) fragment is the dominant A species in the
amyloid plaques of AD patients (6-9). Although a generalized
discussion of the biological activity of A is complicated by the
presence of different polymorphs (10), AB(1-42) typically dis-
plays a higher propensity to form amyloid fibrils in vitro (11-13)
and appears to be a more toxic species than AB(1-40). Most
high-resolution structural studies have been performed on AB(1-40)
amyloid fibrils (14-17). In addition to low-resolution structural
information on AP(1-42) fibrils from methods such as muta-
genesis studies, H/D exchange measurements, EM, solid-state
NMR, and X-ray fiber diffraction (18-26), recently, a solid-state
NMR-based structural model based on 11 long-range distance
restraints became available (27). It shows a single Ap(1-42)
molecule within a protofilament of the fibril comprising a double
horseshoe-like cross—f-sheet structure. Interestingly, the familial
Osaka mutant of AB(1-40) amyloid fibril shows a similar fold
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(17). Here, we determined the 3D solid-state NMR structure of a
disease-relevant polymorph of AB(1-42) amyloid fibrils at atomic
resolution. A first model was built based on a collection of a total
of 81 manually identified NMR distance restraints, as well as
angular restraints and scanning transmission EM (STEM)-based
mass-per-length (MPL) measurements. A final calculation based
on 632 automatically identified NMR distance restraints resulted
in a structure with a backbone rmsd of 0.89 A for residues 15-42.

Results

Screening of Conditions to Obtain a Sample with One Dominant
Polymorph. Biophysical investigations of Af amyloids often in-
dicate the presence of several polymorphs within a single sample.
On the mesoscopic scale, polymorphs distinguish themselves by
the amount of twisting observed by EM, the number of filaments
per fibril, and the diameter and MPL of the fibrils (28). Short Ap
amyloid peptides were also shown to form polymorphic microcrystals
comprising different classes of steric zippers (29). Differences on the
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Screening of conditions toward a sample with a single polymorph and reproducibility of the sample preparation. The 2D ['3C,'*C] DARR spectra

(20-ms mixing time, 13 kHz MAS, 14 T B,) of AB(1-42) fibrils grown at different conditions. A-D show the serine region used to determine the amount of
polymorphs in the sample. AB(1-42) contains two serines (residues 8 and 26), but under condition 0 (A), at least six serines can be counted. Furthermore, under
this condition, the lines are very broad, and no clear defined peaks are observable. Under condition 3 (C) the lines are narrower, but still about 6 serine peaks
are visible. For conditions 2 (B) and 4 (D) a single set of resonances is observed, which indicates the presence of only one morphology. (E) Superposition of two
2D ['3C,"3C] DARR spectra of Ap(1-42) fibrils grown under condition 2. The spectrum in orange is from the initial sample of the screening, and the spectrum in
black is the sample produced subsequently. The two spectra overlay in all regions, showing high structural similarity, and thus the sample preparation is
regarded to be reproducible. In addition, the Ser region is indicated by yellow squares.

atomic scale are best detected by solid-state NMR spectra where
different fibril polymorphs are distinguished by different chem-
ical-shift fingerprints and mixtures of polymorphs by the ap-
pearance of more than one resonance line per spin probe (10, 30,
31). An NMR-guided optimization of the fibrillization conditions
using seeding steps was performed to yield samples containing
almost exclusively a single polymorph as indicated by the pres-
ence of a single set of resonances for all visible residues (Fig. 1
and SI Appendix, Fig. S1). In a first trial, '*C,""N-labeled AB(1-42)
was fibrillized in phosphate buffer (condltlon 0, SI Appendix, Table
S1). Many more cross-peaks than expected were observed in a 2D
[*C,13C] dipolar-assisted rotational resonance (DARR) NMR
spectrum (32, 33) as highlighted in Fig. 14 and SI Appendix, Fig.
S1, which shows the serine-containing part of the 2D spectrum
(indicated by a yellow square in the full aliphatic region spectrum
of Fig. 1E) (an NMR acronym list is provided at the end of ST
Appendvc) Aﬁ(l 42) comprises two serines and concomitantly
two *Ca—">Cp cross-peaks in the serine reglon of the spectrum
are expected, but in this sample at least six cross-peaks were
observed (Fig. 14), indicating the presence of at least three
polymorphs. Using 100 mM sodium chloride (NaCl) and seeding
decreased the polymorphism in the sample dramatically. However,
six serine peaks were still observable (Fig. 1C). In contrast, AB(1-
42) at concentrations of either 30 or 100 uM in phosphate buffer
with 100 mM NaCl and 100 pM ZnCl exhibited a single set of
cross-peaks, as demonstrated for the two serine cross-peaks
assigned to S8 and S26 (Fig. 1 B and D and SI Appendix, Table S1,
conditions 2 and 4). Finally, condition 2 was chosen for further
studies because seeds prepared under identical buffer conditions
yielded reproducible solid-state NMR spectra of high quality
without batch-to-batch variability (Fig. 14). Fibrils treated with
heparin (condition 1, SI Appendix, Table S1), although clearly
visible by EM, did not sediment by centrifugation, and therefore
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no spectra could be recorded. The spectra of Fig. 1 highlight
the power of NMR for the selection of conditions that lead to
homogeneous samples.

The Selected Polymorph of Ap(1-42) Amyloids Is Disease-Relevant.
Although the selected polymorph of Ap(1-42) fibrils is prepared
at physiological pH, temperature, and salt concentration, its
disease relevancy is not evident. To show this, we made use of a
conformation-specific monoclonal antibody library of the C.G.G.
laboratory, which is able to detect and distinguish various Ap
entities derived both from in vitro and in vivo sources (34-36).
The corresponding dot blot analysis with the AP(1-42) fibrils
prepared under condition 2 was negative for the oligomer-specific
antibodies (mA55, mA118, and mA201), but positive for mA204,
which indicates that the sample lacks oligomers (note that the
positive staining of mA204 suggests either the presence of some
special oligomers or that mA204 is not entirely oligomer-specific).
Most interestingly, in contrast to the AP(1-42) standard fibrils
used by the C.G.G. laboratory, the NMR sample was positive to
all but one fibril-specific antibody (i.e., mOC1, mOC3, mOCI16,
mOC23, and mOC24), which are binding intracellular deposits
and senile plaques in brains of human AD patients (Fig. 2), and
was negative for all of the fibril-specific antibodies (i.e., mOC9,
mOC15, mOC22, mOC29, and mOC31) that are not able to
detect intracellular deposits and senile plaques in human Alz-
heimer’s patients (Fig. 2). This finding suggests that the selected
polymorph of AB(1-42) fibrils is disease-relevant.

MPL Measurements to Obtain the Number of Monomers per Layer. One
important parameter necessary for the structure determination of
an amyloid fibril is the MPL measurement using STEM (37-39).
Combined with the knowledge that Ap(1-42) amyloid fibrils are
composed of an in-register intermolecular parallel cross—f-sheet
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Fig. 2. Immunological characterization of the Ap(1-42) fibrils. (A) Dot blot
results of the AB(1-42) fibrils used for the solid-state NMR experiments show
that the fibrils are OC* and A117. In addition to the solid-state NMR-ana-
lyzed AB(1-42) fibrils, AB(1-40) prefibrillar oligomer mimics, an Ap(1-42) fi-
bril standard prepared in the C.G.G. laboratory, and AB(1-40) monomers
were spotted as positive controls for antibodies on each membrane. The Ap
samples on each membrane were then probed with one of the anti-Ap an-
tibodies (6E10 and 4G8), antiamyloid antisera (i.e., «APF, A11, and OCQ), or
antioligomer monoclonal antibodies (mAs) (mA55, mA118, mA201, and
mA204). The 6E10 and 4G8 are commercially available anti-Ap antibodies.
Amyloid conformation specific antisera, ®APF, A11, and OC, are specific for
annular protofibrils (APF), prefibrillar oligomers (A11), and fibrils (OC), re-
spectively. The results show that the Ap(1-42) fibrils used for the solid-state
NMR analysis (top row) were immunoreactive with 6E10, 4G8, and OC, but
not aAPF, A11, or by the A11-derived monoclonal antibodies mA55 and
m118. The AB(1-42) fibrils were positive for mA201 (weakly) and mA204.
(B) The AB(1-42) fibrils used for the solid-state NMR analysis show reactivity to a
subset of selected OC-derived fibril-specific monoclonal antibodies (mMOGs). In
addition to the fibril sample, the three different Agp samples in A were probed
with 10 mOC monoclonals. The AB(1-42) fibrils were immunoreactive with
mOC1, mOC3, mOC16, mOC23, and mOC24, but not by mOC9, mOC15, mOC22,
mOC29, and mOC31. They are immunologically distinct from the A(1-42) fibril
standard made under different conditions that reacts weakly with mOC15,
mOC23, and strongly with mOC31. (C) All of the mOC antibodies that showed
reactivity with the Ap(1-42) NMR fibrils from B also stain plaques in human AD
brain (mOC 1, mOC3, mOC16, mOC23, and mOC24). Most of the antibodies that
fail to react with the Ap(1-42) NMR fibrils also fail to stain plaques in human
brain (mOC9, mOC15, mOC29, and mOC31). mOC22 fails to stain the Ap(1-42)
NMR sample, but stains plaques in human brain. (Magnification: 40x.)

entity (see below) with a repetition rate at every 0.48 nm (i.e., the
distance between two f-strands across the p-sheets), the number
of molecules per layer (i.e., per 0.48 nm) can be elucidated. The
MPL measurements were performed on two AB(1-42) amyloid
fibrils samples coming from two independent batches (i.e., one
sample was °N,'*C-labeled and the other one unlabeled). Both
samples were evaluated separately (with a MWy, = 4,772 Da
for the 'N,3C-labeled sample, and a MWpeor = 4,517 Da for
the unlabeled sample) with undistinguishable results, allowing
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for a combination of the data. A total of 537 MPL measurements
were performed manually on single filaments, which were dis-
tinguished from bundled fibrils by eye. The analyzed data show a
clear peak at an MPL value of 1.9 kDa/A, corresponding to the
presence of two AB(1-42) molecules per 0.48 nm (Fig. 3 4-C). A
small peak at MPL of 3.8 kDa/A (corresponding to four mole-
cules per 0.48 nm) can be attributed to a lateral stacking of two
filaments. Because only a single set of cross-peaks is present in
the solid-state NMR spectra (40), the two molecules must be
related by a twofold symmetry. Other MPL studies on Ap(1-40)
amyloid fibrils showed either two or three molecules per unit
length (15-17).

Secondary Structure Determination of Ag(1-42) Amyloid Fibrils. The
solid-state NMR sequential backbone and side-chain resonance
assignment was obtained by a suite of 2D and 3D triple-reso-
nance experiments and is described, in detail, in an assignment
note (40). The shifts have been deposited in the Biological
Magnetic Resonance Bank (BMRB) database (accession no.
26692). All residues were assigned, except residues 10-14, which
seem to be dynamic. The sequential assignment allows for an
identification of the secondary structure of the biomolecule by
the analysis of the so-called secondary chemical shifts (ASC* and
A8CP): that is, the difference between measured *C* (*CP)
chemical shifts and corresponding random coil *C* ('3CP)
chemical shifts (38). Five p-sheets—residues 2-6 (1), 15-18
(B2), 26-28 (p3), 30-32 (B4), and 39-42 (p5)—could be identified
by using secondary chemical shifts (Fig. 4). The use of the TALOS+
databank approach (41) led to very similar sheet locations (Fig. 4,
blue secondary-structure elements). Next, a ['*C,"N]-proton-assisted
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Fig. 3. NMR and STEM measurements of the AB(1-42) fibrils highlighting the
presence of two symmetric Ap(1-42) molecules per fibril layer with an in-
register parallel p-sheet architecture. (A and B) Negatively stained TEM (A) and
two STEM images (B) of different parts of the sample, separated by white line,
of unstained, freeze-dried AB(1-42) fibrils. Only well-defined nonoverlapping
parts, often toward the ends of the fibrils, are used for the MPL measurements
and are marked with white lines. (C) Result of the MPL experiment with
number of measurements with a given MPL as indicated. The number of
monomers per layer of a cross—B-sheet fibril is highlighted with green dotted
lines. The data indicate two monomers per layer. (D) A superposition of the NCA
spectrum of uniformly '3C,">N-labeled fibrils (plotted in black) with the PAIN
spectrum of mixed ">N- and '*C-labeled fibrils (plotted in orange). The su-
perposition of cross-peaks indicates an in-register parallel p-sheet structure.
The assignment of the individual cross-peaks in the NCA spectrum are given
with single amino acid letter codes. Green crosses indicate i + 1 correlations.

Walti et al.
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insensitive nuclei (PAIN) experiment (42) was measured on a mixed
sample of exclusively *C-labeled and exclusively '°N-labeled Ap
(1-42) in a 1:1 ratio. This spectrum is compared with a NCA
spectrum of a uniformly '*C,'*N-labeled sample. At most of the
intraresidual *C-"*N cross-peaks identified in the NCA spectrum
and labeled with black letters in Fig. 3D, we also found peaks in
the ["*C,>N]-PAIN spectrum of the mixed-labeled sample, in-
dicating the presence of in-register parallel f-sheets for p-strands
f2-p5. A noticeable exception are residues 1-10, which lack
cross-peaks in the mixed-labeled ["*C,'N]J-PAIN and also in
the mixed-labeled [13C,15N]-transferred-ech0 double-resonance
(TEDOR) spectra (SI Appendix, Fig. S2) (43, 44) and thus for
residues from p-strand p1 (i.e., D1-Y10) no information about
the register could be obtained. There are also no cross-peaks
in the [°C,'’N]J-PAIN and -TEDOR spectra recorded on the
mixed-labeled sample for residues L17, D23, M35, 141, and A42,
most of which are not located in B-strands (Fig. 3 and SI Ap-
pendix, Fig. S2).

To strengthen further the finding that the N-terminal segment
comprising residues 1-13 appears to be overall less structured,
limited proteolysis with proteinase K and trypsin analyzed by
solution-state NMR was performed (SI Appendix, Fig. S3). Pro-
teinase K and trypsin are both cleaving between R5 and H6 in
the N-terminal region, and thus the results for both proteases
were similar, with a somewhat less prominent digestion by trypsin.
As expected, the lower signal intensities of the N-terminal residues
D1-S8 upon limited proteolysis compared with the corresponding
signals from an untreated samples indicates that the N-terminal
segment is in part structurally disordered and/or solvent-acces-
sible. However, it is also partly protected, because a total signal
loss was only achieved by a proteinase K treatment at very high

e S
e

A3Ca - ASCB [ppm]
o

A3Ca [ppm]

A5CB [ppm]

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAI IGLMVGGVVIA
20 40

Amino acid sequence

Fig. 4. Secondary structural elements of the Ap(1-42) fibrils derived from
secondary chemical shifts and from TALOS+. The secondary chemical shifts
(ASC), which is the difference between measured '3C chemical shifts and
corresponding random coil '3C values, are listed vs. the amino acid sequence
for 13C* and '3C’, respectively. Stretches of three continuous residues with
ASC* - A8CP < -2 ppm were identified and used as an indication of p-sheet
secondary structure. The resulting five p-strands are highlighted on top by
red arrows. The pale red arrow denotes three additional negative (A3C) in a
row, but not fulfilling the ASC* — A5CP < -2 ppm criterion. Alternatively, a
TALOS+ analysis was performed, and the predicted five f-strands are in-
dicated with blue arrows. Two stretches with only two residues in the
p-strand conformation are indicated in pale blue. The glycines C* shift is
shown in gray.

Walti et al.

proteinase K concentration [AB(1-42) ratio of 1:10 (wt:wt)] and
overnight incubation at 37 °C (SI Appendix, Fig. S3). In summary,
the N-terminal 14 residues of the AB(1-42) polymorph studied
here are in part structured and in part dynamic.

The 3D Structure Determination of Ap(1-42) Amyloid Fibrils. For a
first 3D structural model, the following restraints were used.
(i) The measure of two molecules per layer (STEM) and the
presence of a single set of resonances positions two symmetrically
equivalent AB(1-42) molecules per subunit. (i7) Dihedral angle
restraints were applied, either as generic restraints in the range
—200° < @ < -80° and 40° < y < 220° (45), for the residues in-
volved in a B-sheet as defined by the red arrows in Fig. 4. For the
presence of a p strand we request three residues in a row with a
chemical-shift difference of at least —2 ppm (46, 47) (i.e., resi-
dues 2-6, 15-18, 26-28, 30-32, and 39-42) (Fig. 4). Alternatively,
TALOS+ can be used to determine the position of the p-strands.
As shown in Fig. 4, the results are practically identical. (iii) In-
termolecular hydrogen bond restraints (2 x 32) were imple-
mented for residues in these five p-strands. (iv) The 81 either
spectrally unambiguous medium- and long-range distance re-
straints or restraints with low spectral ambiguity (see, for exam-
ple, Figs. 5 and 64 and SI Appendix, Table S2) identified in 400
ms DARR (81 Appendix, Fig. S4), 400 ps CHHC (48) (SI Ap-
pendix, Fig. S5), and 8 ms proton assisted recoupling (PAR) (49)
(SI Appendix, Fig. S6) (48). These restraints are classified as in-
termolecular or intramolecular (or ambiguous in this respect)
according to the intensity ratio between a uniformly *C,'>N-labeled
sample and a diluted sample containing uniformly *C,'*N-labeled
Ap(1-42) and nonlabeled Ap(1-42) in a ratio of 1:3. Corre-
sponding traces of the individual spectra of the two samples
were compared by scaling nonoverlapping intraresidue or se-
quential peaks in the fully labeled and the diluted sample to
the same intensity (Fig. 5 C and D). Three spectrally unam-
biguous intermolecular cross-peaks, defining contacts be-
tween two pairs of residues (Q15-M35 and L17-M35) could
thus be identified, and seven intramolecular ones defining
contacts between six residue pairs (Figs. 5SE and 64 and SI
Appendix, Figs. S4-S6 and Table S2). Representative traces
showing the peak attenuation upon isotopic dilution are
shown in ST Appendix, Fig. S7. A detailed analysis of all of the
restraints can be found in SI Appendix, Figs. S4-S7 and Table
S2. With this set of restraints, a manual 3D structure com-
posed of 2 x 3 AP(1-42) molecules was calculated with
CYANA (50) using upper distance restraints of 5.5, 7, and
7 A for CHHC, PAR, and PAIN, respectively. For ambiguous
peaks, SI Appendix, Table S2 indicates which of the possible
restraints are fulfilled. The resulting manual fibril structure is
shown in SI Appendix, Fig. S8. We note the somewhat unusual
inside orientation of both F19 and F20. This feature was
further verified by the presence of an additional weaker, but
low-ambiguous, peak between F20 and 132 (ambiguous with
131), as shown in SI Appendix, Fig. SO.

In a second step, an automatic structure calculation was per-
formed by using, in addition to the input data described above,
automatically picked peak lists from CHHC, PAR, and PAIN
spectra using an iterative assignment process with seven assign-
ment cycles (51). Again, upper distance restraints of 5.5, 7, and
7 A were implemented for the three spectra, respectively. No
lower distance restraints were used. This procedure yielded 551
additional restraints (SI Appendix, Table S3) and resulted in a well-
converged structure with an average target function of 1.90 A2
for the final bundle, comprising the 10 best conformers, and a
backbone rmsd of 0.89 for residues 15-42 of the two molecules in
the central layer (Fig. 7 and SI Appendix, Table S3). The 3D
structure of the automatic calculation superimposes well with the
structure from the manual calculation (SI Appendix, Fig. S8).
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Fig. 5. Extracts of NMR spectra that distinguish intramolecular from intermolecular contacts. (A and B) Superposition of 2D PAR spectra recorded on a
uniformly '°N,'3C- labeled sample (blue contours) and on a sample of 25% uniformly "°N,"*C-labeled Ap(1-42) and 75% unlabeled Ap(1-42) (green contours).
(C and D) Selected and indicated cross-sections of the PAR spectra shown in A and B, respectively, are displayed. Corresponding spectral traces of the indi-
vidual spectra of the two samples were compared by scaling the intraresidue or sequential peak intensity (for nonoverlapping peaks) for the diluted sample to
the one of the uniformly labeled one. (E) Intensity ratios of cross-peaks from the diluted and uniformly labeled samples. Intermolecular and intramolecular
correlations, expected to be attenuated to 25% and not attenuated, are shown as red and black bars, respectively. The full statistics are shown in S/ Appendix,
Fig. S5. (C) Trace extracted at the M35 C*resonance from the PAR spectra of uniformly (blue) and diluted (green) labeled samples. All cross-peaks of this
resonance are of intermolecular nature. (D) Trace extracted at the G29 C*resonance from the PAR spectra of uniformly (blue) and diluted (green) labeled
samples. All cross-peaks of this resonance are of intramolecular nature. Cross-peaks used to scale the two spectra are marked in C and D. Cross-peaks were
classified as intramolecular contacts if the intensity ratio /q;//uni > 0.8 with a SD margin of >0.4. Cross-peaks were classified as intermolecular contacts if the
intensity ratio /4i/lyni < 0.4 with a SD margin of <0.8. No classification was done in any other cases. Details on the experimental parameters and conditions are

given in S/ Appendix, Fig. S5.

Residue pairs supported by automatically assigned cross-peaks
are displayed in Fig. 6B.

To double-check the quality of the experimental structure, we
calculated the expected peak positions in the CHHC and PAR
spectra as expected from the 3D structure. The results are shown
in SI Appendix, Figs. S10 and S11, and display excellent agree-
ment. There are virtually no significant peaks not explained by
the structure. The fact that some predicted peaks are missing, in
particular in the aromatic region, is explained by lower intensity
(e.g., to relaxation effects and relayed transfers).

The 3D Structure of Ap(1-42) Amyloid Fibrils. The 3D structure of
the selected polymorph of Ap(1-42) amyloid fibrils is composed
of two molecules per subunit, which are C2-symmetric with re-
spect to the central axis of the fibril. Each AB(1-42) molecule
comprises five in-register parallel intermolecular $-strands [i.e.,
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2-6 (p1), 15-18 (B2), 26-28 (p3), 30-32 (p4), and 39-42 (B5)]
(Fig. 4) that wind around two hydrophobic intramolecular cores
in a double horseshoe-like manner. The fB-sheet B2 thereby in-
teracts through the hydrophobic side chains L17, F19, F20, and
V24 with the side-chains A30, 132, and L34 of B-sheet p4. This
hydrophobic core is complemented by an asparagine ladder with
the side chain of N27 and a glutamine ladder involving the side
chain of Q15. Both F19 and F20 face the hydrophobic core requiring
a special non-p-strand-like backbone conformation (although
the secondary chemical shifts are close to what is expected for a
sheet) (Fig. 4), but without having backbone angles in forbidden
regions of the Ramachandran plot. Similar arguments are valid
for the sequential negatively charged E22 and D23 residues,
which are both exposed to the outside. It is interesting to men-
tion that this segment, and in particular the side chains of F19
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Fig. 6.

(A) Distance restraints used for the manual structure calculations are plotted onto the final 3D structure. Distance restraints between residues (in-

dicated by one-letter code) are color-coded in red for intermolecular restraints, black for intramolecular ones, and solid blue for unambiguous restraints
(within 0.2 ppm), which could be either of intermolecular or intramolecular nature, respectively. Dashed blue lines restraints with low ambiguity as shown in
SI Appendix, Table S2. The 3D structure is represented by the backbone of the two symmetric AB(1-42) molecules in one layer color-coded yellow and orange.
(B) The distance restraints assigned during the automatic structure calculation by CYANA are displayed on its corresponding 3D structure. Only a single line

per residue pair is plotted, even if several restraints exist.

and F20, are partly stacked off from the main body of its mole-
cule, reaching out to the next layer along the fibril axis. This
structural property causes the two fibril ends to be distinct from
each other as demonstrated for another polymorph of AB(1-42) in
an earlier study (18). Note that these four residues are located
within the sequence segment F19-K28 that has been identified
to be of great significance for the enhanced toxicity of familial
mutations in Ap(1-40) (see also below) and shows structural
variability with typically one or two short p-sheets. p-sheet p4 is
interacting with B-sheet p5 via the side chains of residues 131 with
V36, V39, and 141 on B5, respectively. The intermolecular in-
teraction between the two symmetric AB(1-42) molecules in-
volves, in addition to the Q15-M35 and L17-M35 contacts seen
in the NMR spectra, hydrophobic contacts between the side
chains of L34 and M35. The interaction area between the two
monomers in the same layer remains rather small. In contrast to
the mainly hydrophobic core, the solvent-exposed surface is
composed mostly of polar and charged side chains. Interestingly,
a salt bridge is observed between the side chain of K28 and the C
terminus of AB(1-42), as also recently documented elsewhere
(27), but which is very different from what has been observed for
the Osaka mutant of AP(1-40)AE22, where a salt bridge be-
tween K28 and the N-terminal E3 is observed (17). Interestingly,
the Osaka mutant structure is also the only one described so far
with the N-terminal firmly attached and no NMR-invisible resi-
dues. As observed in other amyloid structures, the glycine resi-
dues are key for the fold. They appear to define the ends of the
B-strands (i.e., G25, G29, G37, and G38) (52) and enable the
short sharp loops or/and turns by permitting the backbone angles
to be in the glycine-specific region of the Ramachandran plot
(i.e., G29, G33, and G38). While residues 15-42 are packed
densely, the N-terminal segment of residues 1-14 is not entirely
rigid. Nonetheless, the presence of a few long-range distance
restraints between D1-A42, A2-A42, and F4-V40 indicates that
B-sheet B1 is interacting with p-sheet pS through mainly hydro-
phobic interactions between the side chains. Such an interaction
indicates (Figs. 7 and 8) an intermolecular nature, which might
help in reducing the extent of solvent-exposed hydrophobic
patches on the fibril.

Structure Comparison with the Structural Model of Ag(1-42) by Ishii
and Coworkers (27). A model for fibrils of AB(1-42) has been
proposed on the basis of solid-state NMR studies by Ishii and
coworkers on the basis of 11 restraints (27). Although in both
structures the monomeric units are composed of the double-
horseshoe shape as shown in SI Appendix, Fig. S11, a detailed
comparison shows large differences within the core structure
comprising residues 15-42 with a rmsd of 4.1 A. Most strikingly
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is, of course, the number of molecules per fibril layer, which is
two in the present study and one in the study by Ishii and co-
workers. This is likely due to the absence of MPL information
from STEM. Furthermore, there are significant differences in
the side-chain packing. For example, in the present 3D struc-
ture, the side chain of V36 faces the hydrophobic core com-
posed of residues 131 and V39 (Fig. 7), whereas in the structure
by Ishii and coworkers, it faces toward the opposite surface side
of their structure (SI Appendix, Fig. S9). Because all of the
experimental solid-state NMR-derived distance restraints from
the Ishii and coworkers (27) study are satisfied in the structure
presented here, which has been determined on many more
distance restraints (81 manual and 632 automatic restraints)
than the Ishii and coworkers study, the structural differences
observed are rather attributed to lack of data there than to
real differences.

Discussion

The dimeric double-horseshoe AP(1-42) structure presented
(Figs. 7 and 8) is of much greater complexity than the peptide
amyloid structures determined by X-ray crystallography (25).
Although it comprises some of the amyloid-typical structural
motifs such as in-register cross—p-sheet secondary structures and
Asn/Gln ladders, the complexity of the fold appears to be dic-
tated by burying maximally the hydrophobic side chains—a fea-
ture imposed by free energy minimization and also observed in
soluble evolved proteins and functional amyloids (53). If maxi-
mizing hydrophobic compactness is requested to a sequence that
has not been functionally evolved, rather unique structural fea-
tures may thus arise, such as the two sequential aromatic side
chains (i.e., F19 and F20) facing both the hydrophobic core or
the two negatively charged side chains (i.e., E22 and D23) facing
both the solvent, as well as the now rather well-documented
cross—p-sheet motifs and Asn/Gln ladders mentioned above (25).
Although not evolutionarily evolved, it is noteworthy to mention
that the structure presented here has also been undergoing a
selection pressure (albeit a rather primitive one) through three
cycles of seeded polymerization starting from a series of poly-
morphs, which are distinct in the core structure because there are
significant differences in the chemical shifts for residues L17, S26,
131, and L34 in the various samples and polymorphs (Fig. 1 and S
Appendix, Fig. S1). Further support for the indication that the
presented structure is “fit” in a seeded polymerization are the high
similarities of chemical shifts and concomitantly structural sim-
ilarities with the AP(1-42) fibril samples of Ishii and coworkers
(27), which also were prepared via seeded polymerization, albeit
under different aggregation conditions, while the sample condi-
tions in the work of the Griffin group have been optimized such

PNAS | Published online July 28, 2016 | E4981

PNAS PLUS

>
0
<
=
=
w
=
=
(=]
o
w
[}
n

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600749113/-/DCSupplemental/pnas.1600749113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600749113/-/DCSupplemental/pnas.1600749113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600749113/-/DCSupplemental/pnas.1600749113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600749113/-/DCSupplemental/pnas.1600749113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600749113/-/DCSupplemental/pnas.1600749113.sapp.pdf

L T

D\

Fibril axis

Fig. 7. The 3D structure of Ap(1-42) fibrils. (A) Detailed 3D structure of Ap(1-42) fibrils represented with the conformer showing the smallest CYANA target
function. The backbone of the two point symmetric molecules are shown as yellow and orange spines. The 3D structure of the N-terminal residues 1-14 is
indicated by dotted lines. The side chains of the positively charged residues are shown in red, the negatively charged in blue, the hydrophobic residues in
white, and polar residues in green. Every second residue is labeled with the one-letter amino acid code. (B) A ribbon-based cartoon of the Ap(1-42) fibrils
showing nine molecules of AB(1-42) along the fibril axis. Individual molecules are colored following rainbow colors. (C) A bundle of the 10 conformers having

an rmsd of 0.89 A representing the 3D structure is shown.

that no seeding was necessary (40, 54) (SI Appendix, Table S1).
The 3D structure of Figs. 7 and 8 may thus represent the con-
formation of a fast-replicating and fit polymorph. Because rep-
lication and cell-to-cell transmissibility are believed to be key
mechanisms in AD (55, 56), it is not surprising that the presented
AB(1-42) polymorph is recognized by the same conformation-
specific antibodies as the plaques in AD brain slices (Fig. 2). Thus,
the presented 3D structure may be regarded as the culprit of Ap(1-
42) fibril replication in AD. Within this hypothesis, it is in-
teresting to note that many known familial Alzheimer’s muta-
tions that are localized in the core of the presented structure
(i.e., K16N, A21G, E22Q, E22G, E22K, and D23N, with the
exception of E22A) may favor the determined 3D structure
(Fig. 8, pink colored side chains): Although most of them may
attenuate intermolecular charge repulsion (i.e., K16N, E22Q,
E22G, D23N, and E22K), A21G and E22G may instead relax
the backbone restraints because of the quite peculiar side-chain
arrangements of F19-F20 and E22-E23 (Fig. 7), respectively.
In contrast, the further known non-AD-linked single nucleotide
polymorphisms within this segment that cause a missense mu-
tation (i.e., V391, G38V, G38S, G38C, V36M, 132V, I31V,
FI9L, and V18M) are all conservative mutations (with the ex-
ception of G38S and G38C) without expected structural conse-
quences on the AP(1-42) fibril structure.

Although we have determined a single disease-relevant Ap(1-42)
fibril structure, still other polymorphs do exist and are probably also
the reason for the structural differences between our structure
and the models by Grigorieff and coworkers (22) and by Liihrs
et al. (18) (the latter having an oxidized Met-35).

In summary, the presented 3D structure of a Ap(1-42) fibril
polymorph composed of a complex interplay of hydrophobic
interactions and Asn/Gln ladders, which hold together four in
register cross—fB-strands, may be regarded as a causative agent of
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AP(1-42) fibril replication in AD. It could thus open an avenue
for a comprehensive understanding at the atomic level of key as-
pects of AD, including replication and cell-to-cell transmissibility,
as well as structure-assisted developments of potent anti-AD drugs
and AD diagnostic markers.

E22Q/G/K/A
<

D23N
K16N  A21G >

Fig. 8. Ribbon diagram of the core structure of residues 15-42 of Ap(1-42)
within the fibril. The C2 symmetric molecules are shown as yellow and or-
ange spines, respectively. The f-strands are indicated by arrows. The fol-
lowing molecules within the fibril are shown by a surface representation.
Positively and negatively charged surface patches are shown in blue and red,
respectively, and all hydrophobic residues in white and polar residues in
green. Indicated in pink and labeled accordingly are the residues with
known familial Alzheimer’s mutations.
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Methods

Protein Expression and Purification. The plasmid construct containing a
N-terminal His-tag followed by a solubility tag (NANP),s was inserted in
Escherichia coli and purified as described (57). The peptide was produced
according to the required labeling schemes: uniformly *C,"*N-labeled peptide
for the resonance assignment and collection of restraints for the structure
calculation, mixed '*C- and '>N-labeled peptide in a ratio of 1:1, and a di-
luted sample with '3C,">N-labeled monomers diluted in unlabeled ones in a
ratio of 1: 3 for the differentiation of intra- and intermolecular restraints.

Fibrillization and Screening of Different Conditions. The lyophilized material
was dissolved with 10 mM NaOH with the help of a sonication bath (three
times for 30-s sonication with 50-60% power, interrupted by 1 min cooling
on ice). To remove large aggregates, the sample was ultracentrifuged for 1 h
at 126,000 x g. The concentration was adjusted as shown in SI Appendix,
Table S1. Further phosphate buffer was added to a final concentration of
100 mM at pH of 7.4, and the required additives were added in the sample.
Fibrillization was performed under various shaking conditions at 37 °C as
indicated in S/ Appendix, Table S1. Seeding was performed for three gen-
erations, with 10% of the grandparent generation used as seeds for the
parent generation, and again 10% for the daughter generation.

Filling the Rotor and Solid-State NMR Measurements. After the last seeding
step, the fibrils, made up of 15-20 mg of peptide, were centrifuged at 30,000 x g
overnight (SW41-Tl swinging bucket, optima L90-K; Beckman) and resus-
pended in MilliQ water. The fibrils were washed for 3 d by gentle shaking.
The pellet was again centrifuged at 30,000 x g overnight, the supernatant
was discarded, and the fibrils were packed into a 3.2-mm Bruker rotor by
ultracentrifugation using a homemade filling device (58). The drive tip
was sealed with epoxy glue (Araldite blue) to prevent dehydration of
the sample.

The 2D NCA and DARR experiments, for sample screening (S/ Appendix,
Fig. S1), were measured on a Bruker AVANCE Ill 600-MHz spectrometer using
a 3.2-mm triple-resonance probe. The 2D DARR, CHHC, PAR, PAIN, NHHC,
and TEDOR spectra measured to derive restraints were obtained on a Bruker
AVANCE Il 850 MHz using a 3.2-mm triple-resonance probe. Experimental
details are listed in S/ Appendix, Tables S4 and S5. The sample temperature
was adjusted to 4 °C by using the water resonance of supernatant water
(58). Data were processed with Topspin (v3.1) and analyzed with CcpNmr
Analysis (v2.3) (59).

MPL Measurement. Two samples with an AB(1-42) concentration of 100 pg/mL
were prepared for the MPL analysis. The fibrils in solution were attached to
the carbon substrate and washed rigorously to remove residual salts. After
washing, the specimen was freeze-dried. The measurements were per-
formed by using different concentrations of the fibrils (no, 3%, and 10x di-
lution). The analysis of the data was performed with the software PCMass32
(available from the Brookhaven STEM resource openwetware.org/wiki/
STEM_Facility). For the analysis established models were used as a starting
point and tuned for the respective Ap(1-42) fibrils. The radius of in-
tegration was chosen between 80 and 120 A according to the width of
the filaments. Only well-isolated filaments with a background rmsd > 0.5
were chosen. To control for possible artifacts induced by the presence of
detergents or salts, tobacco mosaic virus was codeposited as an internal
mass calibration standard on all specimens, and its MPL value was mon-
itored in all specimens. The MPL analysis of the tobacco mosaic virus
showed a value of 13.1 kDa/A with a SD of 2% as expected.

Dot Blot Analysis. Dot blot assays were conducted to detect the immunore-
activity of Altspective (no, 3%, and 10x dilution). Previous publications de-
scribe the production of the study of Altspective (no, 3x, and 10x aAPFn)
(60), A11 (61), and OC (35). Kayed et al. (34) and Hatami et al. (36) describe
the methods for generating the A11- and OC-like monoclonal antibodies
used in the study, respectively. The 6E10 and 4G8 antibodies are commonly
used mouse antibodies for A from Covance. AB(1-42) fibril samples were
spotted on a nitrocellulose membrane at ~3 pg per sample. Additionally,
three samples of different Ap conformations—Ap(1-40) oligomer mimics
(0.1 ug per spot), Ap(1-42) fibrils (standard from the C.G.G. laboratory) (0.3 pg
per spot), and AB(1-40) monomers (1 pg per spot)—were applied to the
membrane as the controls for different antibodies. The membranes with the
samples were blocked in 10% (vol/vol) nonfat dry milk in Tris-buffered saline
containing 0.01% Tween 20 (TBS-T) at room temperature for 1 h. After three
repetitions of 5-min TBS-T washes, the membranes were probed with
aAB(4G8, 6E10 at 1:10,000) or conformation-specific antibodies [A11, 1:500; xAPF;
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1:5,000 OC, 1:10,000; mA55 (1:1,000), mA118, m204 (1:2,000), mA204 (1:2,000),
mOC hybridoma supernatants (1:100)] overnight at 4 °C. The membranes were
washed three times and then incubated with either anti-mouse (4G8 and
6E10) or anti-rabbit (all others) IgG conjugated with horseradish peroxidase
(1:10,000; Jackson Laboratory) at room temperature for 1 h. The blots were
then developed with the ECL chemiluminescence kit from ThermoFisher Sci-
entific (SuperSignal West Pico). The results of the dot blots were imaged by
using a Nikon D700 camera as described (62). Fig. 2A was uniformly digitally
brightened twofold.

Immunohistochemistry. Postmortem paraformaldehyde-fixed brain tissue was
obtained under an Institutional Review Board-approved protocol from the
neuropathological core of the University of California at Irvine Alzheimer’s
Disease Research Center. Broadmann’s area 11 of the frontal cortex from
case no. 07-03 (plaque stage A) was examined by immunohistochemistry as
described in detail (36). The 40-um-thick sections were incubated with 1 pg/mL
primary antibody for 12 h at 4 °C, washed, and incubated with biotinylated
goat anti-rabbit or biotinylated horse anti-mouse 1gG (Vector Laboratories)
for 1 h at 25 °C. After incubation with the secondary antibodies, the tissue
sections were washed, and an ABC peroxidase kit and 3,3’-diaminobenzidine
substrate kit (Vector Laboratories) were used to detect the biotinylated
secondary antibodies.

Limited Proteolysis. Trypsin and proteinase K were dissolved in 50 mM Tris-HCI
(pH 8.0) at a concentration of 1 mg/mL and always kept on ice. The preformed
AB(1-42) fibrils (see above) were added to the protease with an approximate
protease:Ap(1-42) ratio of 1:10 (wt/wt). (It was not possible to measure the
mass of the fibrils accurately, because of the low concentration of 30 pM
peptide used for the fibrillization and the presence of only one tyrosine
residue in the sequence, which leads to a somewhat inaccurate UV-Vis A,go
value.) The digestion was performed at 37 °C under gentle shaking. The
reaction was quenched by adding 2 mM phenylmethylsulfonylfluorid after
different time points from 30 min to overnight. To each time point, a control
was prepared with the addition of the same amount of buffer without the
protease. After digestion, the fibrils were centrifuged at 126,000 x g for
15 min and dissolved in a 85% DMSO solvent with 5% D,O, 0.1% TFA, and
10% H,O0. ['®N,"H]-TROSY spectra of the dissolved fibrils were recorded at
298 K on a Bruker 700 MHz Avance Il spectrometer equipped with a triple-
resonance cryoprobe (S/ Appendix, Fig. S5). Peak intensities of the individual
5N-"H-moieties were normalized relative to the corresponding spectrum of
the control sample without digestion.

Structure Calculation. Structure calculations followed the protocol established
for fibril structure determinations by solid-state NMR with CYANA (17, 63).
Structure calculations were performed for a fibril comprising three layers
with two molecules per layer. The six monomers were held in identical
conformation by dihedral angle difference restraints for all corresponding
torsion angles, and a symmetric relative orientation of the monomers was
maintained by distance difference restraints between symmetry-related in-
termolecular C*-C* distances (64). The five parallel f-sheets were restrained
by upper and lower bound distance restraints of 1.8 < doy < 2.0 Aand 2.7 <
don < 3.0 A. For each possible combination of the directions of the five
p-sheets (up or down along the fibril axis; 2* = 16 possibilities), a separate
calculation was performed. Backbone torsion angle restraints were derived
from chemical shifts as discussed in The 3D Structure Determination of AB(1-42)
Amyloid Fibrils (50). Before the structure calculation, the restraints were
replicated according to the fibril symmetry (e.g., six times for intramolecular
restraints, three times for intermolecular restraints between the two mole-
cules in one fibril layer, and four times for the hydrogen-bond restraints
connecting two molecules in adjacent layers). A first structure calculation was
performed by using the 81 manually assigned distance restraints listed in S/
Appendix, Table S2, which are either spectrally unambiguous (10 restraints)
or of low spectral ambiguity. A total of 20 restraints were unambiguously
intramolecular, and 3 were unambiguously intermolecular. Starting from
random torsion angle values, 500 conformers were calculated by using
35,000 torsion angle dynamics steps in CYANA, and the 10 conformers with
lowest target function values were retained for analysis. Only one possible
combination of the directions of the five p-sheets yielded a low target
function, and we continued with this one only. This structure was sub-
sequently used as additional input for a structure calculation with auto-
mated distance restraint assignment (51). The first cycle of combined
automated distance restraint assignment and structure calculation was
skipped and replaced by the aforementioned structure. Chemical shift
tolerances of 0.3 ppm for '>C and 0.6 ppm for '°N were used for the auto-
mated distance restraint assignment. Hydrogen-bond distance restraints and
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manually assigned NMR distance restraints were applied with weights of 10
and 3, respectively, relative to those for automatically assigned distance
restraints. The final structure was calculated as a consensus structure bundle
(65) of 10 conformers that represent the 3D structure of Ap(1-42) fibrils.
Structural statistics are given in S/ Appendix, Table S3. The chemical-shift
assignment of Ap(1-42) fibrils has been deposited in the BMRB (accession no.
26692) and the 3D structure in the Protein Data Bank (PDB ID code 2NAO).

Note added in proof. After this manuscript was accepted we learned of an-
other paper [Colvin MT, et al. (2016) J Am Chem Soc 137(23):7509-7518]
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