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Background: Little tertiary structure information is available for the toxic intermediates in the amyloid-3 (Ap) fibrillation

process.

Results: A protofibrils show tertiary contacts between Glu-22 and Ile-31, which are not present in mature fibrils.
Conclusion: A protofibrils share tertiary structure features with oligomers but not with mature fibrils.
Significance: Af3 protofibrils must undergo a major structural reorientation in the development of mature A fibrils.

We have studied tertiary contacts in protofibrils and mature
fibrils of amyloid-f (AB) peptides using solid-state NMR spec-
troscopy. Although intraresidue contacts between Glu-22 and
Ile-31 were found in A3 protofibrils, these contacts were com-
pletely absent in mature A fibrils. This is consistent with the
current models of mature A fibrils. As these intramolecular
contacts have also been reported in A3 oligomers, our measure-
ments suggest that A3 protofibrils are structurally more closely
related to oligomers than to mature fibrils. This suggests that
some structural alterations have to take place on the pathway
from Ap oligomers/protofibrils to mature fibrils, in agreement
with a model that suggests a conversion of intramolecular
hydrogen-bonded structures of A oligomers to the intermolec-
ular stabilized mature fibrils (Hoyer, W., Gronwall, C., Jonsson,
A, Stahl, S., and Hird, T. (2008) Proc. Natl. Acad. Sci. U.S.A. 105,
5099 -5104).

Alzheimer disease is characterized by extracellular deposi-
tion of plaques of amyloid-B (AB)? peptides in the brain (1).
These protein aggregates are composed of mature A fibrils,
which represent the end product of a long, complex, and not
well understood fibrillation process (2, 3). The fibrillation path-
way initiates with soluble unstructured monomeric AB pep-
tides, which are converted into oligomers, protofibrils, and
finally into mature fibrils (4—6). Recently, interest in the tran-
sient AP intermediate structures has been growing rapidly
because these species are considered to represent the cytotoxic
intermediates in Alzheimer disease (7). In addition to the well
studied structure (8-12) and dynamics (13) of mature Af
fibrils, a growing amount of data for oligomers (14-19) and
protofibrils (20, 21) has become available. With regard to the
secondary structure elements, these studies revealed that olig-
omers and protofibrils already exhibit the characteristic two
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B-strand sections connected by a short loop also present in
mature A fibrils. However, there are several significant differ-
ences between theses species. For instance, the first 3-strand of
AP oligomers and protofibrils is significantly shorter than that
in mature A fibrils and has to elongate during the conversion
from protofibrils to mature fibrils (20). In addition, many ques-
tions about the tertiary structure, the fibrillation process, and
the conversion from one intermediate to another are still
unanswered.

Hird and co-workers have resolved the structure of AB(1-
40) oligomers stabilized by an Affibody and also proposed a
model for the arrangement of the two B-strands (14, 15, 22). In
this model, these B-strands form intramolecular hydrogen
bonds in the oligomeric state, in contrast to the known inter-
molecular hydrogen-bonded structure of mature A fibrils (8,
11, 23). Such an arrangement is necessary to form the charac-
teristic cross-B-structure, which is present in all amyloid pro-
tein fibrils. Therefore, the structural transition from A oligo-
mers into mature A fibrils necessitates a 90° rotation of the
B-strands upon maturation (see Fig. 1). The current model sug-
gests that this switch from intra- to intermolecular hydrogen
bonds occurs during the conversion from protofibrils to mature
fibrils (14, 15). However, neither the tertiary structure nor the
nature of the intra- versus intermolecular contacts in protofi-
brils has been investigated until now. So far, support for this
model comes from the observation that double cysteine
mutants of AB(1-40) and also AB(1-42), which are forced to
retain the molecular structure of an oligomer by the cysteine
bond, can form only protofibrils but not mature fibrils (14, 22).
In addition, it was shown by IR spectroscopy that, in oligomers
and protofibrils, the B-sheets are antiparallel (18, 24), whereas
mature A fibrils exhibit parallel B-sheets as shown by solid-
state NMR (25).

To obtain more structural data, we used '>C solid-state NMR
to investigate the contact between Glu-22 and Ile-31 of AB(1-
40) protofibrils, which are by stabilized by the BI0OAP antibody
asreported previously (24). Glu-22 and Ile-31 and, in particular,
the side chains of these residues should become very close in
space in the oligomeric structure as illustrated in Fig. 1. From
the Protein Data Bank coordinates (15), one can calculate a
distance of 5.3 A between the a-carbons of Glu-22 and Ile-31;
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FIGURE 1. Molecular structures of AB(1-40) oligomers (A; Protein Data
Bank code 20TK (15)) and mature A fibrils (B; Ref. 11 and . Bertini,
personal communication). Glu-22 and lle-31 are shown in their molecular
structure. For AB protofibrils, no molecular structure is available so far.

the side chain carbons show similar close proximities. In con-
trast, in mature A fibrils (11), these residues point into differ-
ent directions out of the cross-B-core of the fibrils, yielding a
distance of 12.4 A between the a-carbons of Glu-22 and Ile-31
and up to ~18 A between the side chain carbons. This is illus-
trated in Fig. 1 using the Protein Data Bank coordinates of these
two structures. For protofibrils, no molecular structure with
atomic resolution is available so far, but solid-state NMR work
revealed that the secondary structure elements of protofibrils
are more closely related to oligomers than to mature Ap fibrils
(20). Therefore, solid-state NMR measurements should reveal
the arrangement of the two B-sheets in protofibrils and give
insights in their tertiary fold.

EXPERIMENTAL PROCEDURES

The AB(1-40) peptides were produced by standard solid-
phase synthesis according to the Fmoc (N-(9-fluorenyl)me-
thoxycarbonyl) protocol using fully **C/'*N-labeled Ser-8,
Glu-22, and Ile-31. B10AP-stabilized protofibrils were pre-
pared in 1-ml samples (50 mm Hepes (pH 7.4) and 50 mm NaCl)
containing 4 mg/ml labeled AB(1-40) and B10AP at a 10:1
molar ratio. The samples were incubated for 3 days (37 °C).

For mature AB(1-40) fibrils, the labeled peptide was solubi-
lized in 50 mM sodium borate buffer (pH 9) at a concentration of
6 mg/ml. The sample was seeded and incubated at 37 °C for 1
week. Seeds consisted of AB(1-40) mature fibrils previously
grown and seeded under the same conditions (second genera-
tion) and were sonicated for 10 min before addition to the sam-
ple. It has been shown that, also under these conditions, the
structural properties of the mature fibrils agreed well with
fibrils grown at pH 7.4 in phosphate buffer (13).

Inboth cases, the peptide aggregates were recovered by ultra-
centrifugation at 100,000 rpm for 2 h at 4 °C (TLA-120.2 rotor,
Beckman Optima TLX centrifuge). The pellet was lyophilized,
rehydrated with 50 weight % H,O, and homogenized by freez-
ing the sample in liquid nitrogen and thawing it at 37 °C. The
morphology of the samples was checked by transmission elec-
tron microscopy (supplemental Fig. S1).

The '*C cross-polarization magic angle spinning NMR spec-
tra were obtained using a Bruker AVANCE 750 spectrometer
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(Bruker BioSpin GmbH, Rheinstetten, Germany) operating at
resonance frequencies of 749.7 MHz for 'H and 188.5 MHz for
13C. A 4-mm double-resonance magic angle spinning probe
was used. The length of the cross-polarization contact time was
700 us, and the 90° pulse was 5 us for **C and 4 us for *H. For
heteronuclear two-pulse phase modulation decoupling, a 'H
radiofrequency field of 65 kHz was applied. **C chemical shifts
were referenced externally relative to TMS. The peak assign-
ment was taken from the literature (13, 20). The two-dimen-
sional '*C-'3C proton-driven spin exchange spectra were
acquired with a mixing time of 600 ms and covariance-pro-
cessed (26). A total of 64 complex data points were acquired in
the indirect dimension at a spectral width of 190 ppm. For the
protofibrils, 640 transients per increment were acquired,
whereas 2096 scans were acquired for two-dimensional spectra
of the mature A fibrils at 58 ¢; increments.

To measure >*C-'H dipolar couplings, constant time DIP-
SHIFT experiments with FSLG (frequency-switched Lee-Gold-
burg) (27) or MREV-8 (28) for homonuclear decoupling (80-
kHz decoupling field) were performed. The order parameter
was derived by dividing the determined coupling by the known
rigid limits (29, 30). AIl NMR experiments were carried out at a
temperature of 30 °C and a magic angle spinning frequency of 7
or 5 kHz (DIPSHIFT or MREV-8).

RESULTS

Fig. 2 shows characteristic "*C-'3C proton-driven spin diffu-
sion correlation spectra of AB(1-40) protofibrils (panel A) and
mature A fibrils (panel B) both with uniformly '*C/**N-la-
beled Ser-8, Glu-22, and Ile-31. The spectra show all of the
trivial intraresidue correlations within the labeled amino acids.
As a long mixing time of 600 ms was used, also interresidue
correlations can be observed. All magnetization exchange,
which gives rise to a cross-peak in the proton-driven spin dif-
fusion spectra, is caused by dipolar interactions with a distance
dependence of r © (31).

In addition, the "*C-'>C correlation spectra of A protofi-
brils clearly show cross-peaks between Glu-22 and Ile-31, espe-
cially between the Ca and C3 signals of Glu-22 at 52.6 and 32.6
ppm and between the C6 and Ce signals of Ile-31 at 16.1 and
12.5 ppm. This means that, in AB protofibrils, Ile-31 and
Glu-22 are in close proximity (<67 A), which is observable by
13C-13C  correlation spectroscopy (32). The cross-peaks
between the other carbons of these two amino acids (including
the cross-peak Glu-22 Ca-Ile-31 Ca) are weaker and only
sparsely above the noise level, even when using covariance
NMR processing, which is known to enhance small cross-peaks
(33). For comparison, the standard Fourier transform-pro-
cessed two-dimensional NMR spectrum is shown in supple-
mental Fig. S2.

For comparison, we conducted the same experiment using
mature A fibrils grown from AB(1-40) peptides using the
same amino acid labeling procedure. In the NMR spectrum of
this sample (Fig. 2B and supplemental Fig. S2B), no cross-peaks
between Glu-22 and Ile-31 are visible, as expected from the
molecular structure of mature fibrils (Fig. 1B). Please note that
there are some differences in the chemical shift values between
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FIGURE 2. Aliphatic region of the covariance-processed '*C-'>C correla-
tion spectra (by proton-driven spin diffusion with a mixing time of 600
ms) for B10AP-stabilized A protofibrils (A) and mature A fibrils (B). The
major correlations inside one and the same amino acid for Glu-22 (dashed
blue lines) and lle-31 (dashed black lines) are highlighted. Interresidue cross-
peaks between Glu-22 and lle-31in Aand the lack of these cross-peaksin Bare
marked with red boxes.

AP protofibrils and mature Ap fibrils for these amino acids as
reported previously (13, 20).

To confirm that the differences in the NMR spectra are not just
the result of the choice of contour levels in the two-dimensional
plots, we also extracted slices from the two-dimensional spectra,
which are shown in Fig. 3 (see also supplemental Fig. S3 for the
standard Fourier transform-processed spectra). Again, the cross-
peaks from Glu-22 to the side chain of Ile-31 are only observable
for the A protofibrils but not for the mature A fibrils.
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FIGURE 3. Slices through the Ca (A) and Cp (B) peaks of Glu-22 for B10AP-

stabilized A protofibrils (red) and mature A fibrils (black) of the cova-

riance-processed proton-driven spin diffusion spectra. Interresidue
cross-peaks between Glu-22 and lle-31 are highlighted by the arrows.

The structural differences in A protofibrils and mature
fibrils are also reflected in the molecular dynamics of the resi-
dues investigated. As shown in Fig. 4, the order parameters of
the amino acid side chains determined from motionally aver-
aged dipolar couplings show a clear tendency to be lower in
mature A fibrils than in A protofibrils. If one assumes a sim-
ilar structural arrangement of the (-sheets in Af oligomers
(Fig. 1) and in protofibrils, the interaction of the side chains of
Glu-22 and Ile-31 leads to a motional restriction and therefore
the higher order parameters in protofibrils. The decreased
order parameters of these side chains in mature A fibrils are
caused by the additional degrees of motional freedom the side
chains can undergo when they are pointing out of the cross-3-
core of the fibrils (Fig. 1). It should be noted that binding of the
B10 antibody has no significant influence on the order param-
eters of Glu-22 and Ile-31 (13, 20).

DISCUSSION

We conclude that Glu-22 and Ile-31 are in close proximity in
AP protofibrils but are significantly more distant in mature A3
fibrils (as suggested by the structural model of both species
sketched in Fig. 1B). This means that the A protofibrils share
some similarity in tertiary structure with A oligomers, a find-
ing that was already suggested from the analysis of secondary
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FIGURE 4. C-H order parameters for Glu-22 and lle-31 in B10AP-stabilized A protofibrils (light gray bars) and mature A fibrils (dark gray bars).

chemical shifts (20). Further support for this conclusion comes
from a previous experimental finding that Phe-19 and Leu-34
are in close proximity in A protofibrils (20) as well as in olig-
omers (16), where the distance between the Phe ring and Leu
8-carbons is 3.9 A. However, contacts between the side chains
of these residues have also been observed in mature Ap fibrils
(distance of ~7 A) (10, 34), rendering this pair of residues less
indicative of a tertiary structural conversion from protofibrils
to mature Ap fibrils.

Our findings suggest that there has to be a rearrangement of
the two B-strands of A protofibrils during the conversion to
mature AR fibrils. Of course, we can only speculate about the
nature of the hydrogen bonds in protofibrils, but because the
close proximity between Glu-22 and Ile-31 is already known
from A oligomers (15), one can assume that the 3-strands in
AP protofibrils may also form intramolecular hydrogen bonds.
This can be comprehended by a closer structural relationship
between Af3 oligomers and protofibrils compared with protofi-
brils and mature fibrils as was suggested on the basis of >C
chemical shift data (20), the capability of the cysteine mutant to
form protofibrils (14, 22), and the known IR data, which indi-
cate antiparallel B-sheets in protofibrils (18, 24). Therefore, it
seems possible that the rearrangement of the intramolecular
hydrogen bonds to the intermolecular hydrogen bonds takes
place in the final structural transition from A protofibrils to
mature fibrils. Consequently, our solid-state NMR data would
support the model for the aggregation mechanism of A fibrils
suggested by Hird and co-workers (15).
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