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Hydrogen Bonding in Alzheimer’s Amyloid-p Fibrils Probed by
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Hydrogen bonding is of utmost importance in stabilizing
molecular and supramolecular structures in biological sys-
tems. One of the key atoms actively involved in such H-
bonding is oxygen, such as in C=0--H—N H-bonding in
proteins and peptides. However, although the magnetic
isotope oxygen-17 is potentially an attractive NMR probe
for H-bonding in biological systems, this method is still poorly
developed because of the low natural abundance of O
(0.037 %) and the quadrupolar nature of this nucleus (nuclear
spin 5/2), which causes low sensitivity and poor resolution in
O solid-state NMR spectra of organic and biological
samples. Recently, "N{70O} REAPDOR NMR spectroscopy
has been used to measure “N-O dipolar couplings in
hydrogen-bonded small model compounds, namely between
the selectively labeled amino acid glycine and nucleic acid
uracil.! Herein, we explore further this novel approach to
determine the hydrogen-bonding contacts between the car-
bonyl oxygen and the amide nitrogen atoms in fibrils of the
amyloid beta (AB) peptides associated with Alzheimer’s
disease.
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Different polymorphs of amyloid fibrils®”! and in particular
small intermediate aggregates (oligomers)*” have been
shown to cause death of nerve-cell cultures in vitro. There-
fore, these species may be key toxic species for brain neurons
causing a variety of neurodegenerative diseases. It has been
suggested that toxic amyloid species are rich in different types
of -sheet and/or B-hairpin structures, having different inter-
and/or intramolecular hydrogen-bonding patterns. Because
these systems do not form single crystals, it is a challenge to
determine how peptides or proteins are packed against each
other and whether parallel or anti-parallel 3-sheets or -
hairpin structures are formed in the toxic aggregates. Know-
ing their structure, inhibitors or monoclonal antibodies could
be developed for treatment of amyloid related neurodege-
nerative diseases.

The intermolecular hydrogen-bonded arrangement of
peptides within a (-sheet is described by considering two
questions: first, are the chains are packed parallel or anti-
parallel to each other and, second, what is the orientation
(registry) of the amino acids in adjacent chains with respect to
each other, that is, between which amino acids are intermo-
lecular hydrogen bonds formed. Pioneering work by Griffin
and co-workers,® Benzinger et al.,”"'¥ and Tycko and co-
workers"'™" have shown that these two considerations can be
determined by homonuclear C and heteronuclear "C-""N
magic-angle spinning (MAS) solid-state NMR experiments
that probe C—C and C-N distances of 4-5 A between atoms in
adjacent chains. Specifically, *C—*C (rotational resonance,’!
DRAWS ! fpRFDR-CT,!"”! and PITHIRDS"®) and *C-"N
(REDOR)!™! dipolar recoupling and *C multiple-quantum
(MQ) spin-counting®® experiments have been applied. The
close approach of Co carbon atoms on adjacent chains have
also been probed by two-dimensional *C-"*C (CHHC) NMR
spectroscopy.?!! These approaches have identified anti-paral-
lel arrangements with different registries for short A pep-
tides,™'"* while the longer fragment of AB, A5, """
and the full length wild-type Alzheimer’s AR 4, and AP 4
peptides were shown to exhibit parallel in-registry f-sheet
supramolecular structures.'>'**1 Recently, it was also found
from solid-state NMR spectroscopy that the lowa mutant
(D23N) of the AP 4 peptide forms different polymorphs of
fibrils exibiting both parallel (stable) and antiparallel (meta-
stable) B-sheet structures.”” In combination with other multi-
dimensional solid-state NMR methods, extended sets of
structural constraints have been obtained and molecular
level models for amyloid fibrils of a variety of peptides have
been presented. 132230

A more direct approach for identifying N—H--O=C
hydrogen-bonding contacts between the carbonyl oxygen
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and the amide nitrogen atom would be to probe the "N-""O
dipolar coupling between the hydrogen-bonding-donor nitro-
gen atom and the hydrogen-bonding-acceptor oxygen atom
where, for a typical N—H--O=C hydrogen bond of 2.8 A, the
BN-0O dipolar coupling is 75 Hz. Herein, we demonstrate
the applicability of "N{O}-('H-decoupled, “N-detected,
Q-adiabatic pulse) REAPDORFPY solid-state NMR  for
probing intermolecular hydrogen bonding in fibrils formed
by the amyloid-} peptides, Ac-A42)-NH, and A s,
which are the key amyloidogenic central fragments of the full-
length Alzheimer’s amyloid-f3 peptides.

Putative models describing anti-parallel [-sheets with
different registries have been proposed using the *C-"*C and
BC_N experiments (that probe distances over 4 A) de-
scribed above. These models suggested specifically a 17 +
ke21—k (k=-1,0, ..., 5) registry for Ac-AP.,-NH, (see
Figure 1a)'!! while, depending on the pH of the incubated
solution, it has been proposed that A, forms fibrils
adopting either a 17 + k—22—k (k=-3, -2, ..., 8; at pH 2.4;
Figure 1b) or a 17+ k—20—k (k=-5, —4, ..., 8; at pH 7.4;
Figure 1¢) registry.”” Peptides with selective O and N
labeling have been synthesized to validate the novel REAP-
DOR method with amyloid-f§ fibrils and to confirm the
hydrogen bonding pattern in Ac-Af6,-NH, and AP s
(pH 2.4) fibrils with O enrichment, at the Vall8 carbonyl
group for all peptides, but with °N labeling of Phe20 for Ac-
AP NH, or Ala2l for APi,s. In this study, 20%
enriched H,"”O was used, but higher sensitivity and accuracy
could have been achieved using 90 % H,'"O.

a) VI

Figure 1. Schematic representation of hydrogen bonding in putative models of amyloid fibrils
of Ac-AB16-22-NH, (a) and AR5 incubated in an aqueous solution at pH 2.4 for 80 days
with seeding (b) and at pH 7.4 for 20 days (c). Three anti-parallel arrangements with different
registries are shown: a) 17 +k—21—k; b) 17+ k—22—k; c) 17+ k—20—k. Experiments were
performed for samples with 7O labelling of the Val,; carbonyl group and *N labelling of the
a) Pheyy (Ac-ABs.22-NH,) or b, c) Alay, (AB11_55) amide group. Selectively isotopically labeled
fragments involved in C="70---H-"N hydrogen bonds are highlighted by yellow ellipsoids and

black circles.
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Figure 2 compares N NMR spectra recorded using the
5N{70} REAPDOR experiment with 7 ms of dephasing (red
lines) and without the 'O adiabatic pulse (blue lines). For Ac-
AB1622-NH, and AP ;1,5 (pH 2.4) samples, a narrow reso-

a) b)

T T T T T e SRR s
140 130 120 110 140 130 120 110
«~—— 5("°N) / ppm 6 ("*N) / ppm

Figure 2. *N{"’O} REAPDOR solid-state NMR (850 MHz, 8 kHz MAS)
spectra of amyloid fibrils formed by the Alzheimer's peptides a) Ac-
AB622-NH, (with selective labeling at Val18-70 and Phe20-"°N) and
b) AB 125, fibrils at pH 2.4 (with selective labeling at Val18-"’O and
Ala21-U-"*C,®N). Spectra show REAPDOR dephasing with a mixing
time of 7 ms (red lines) and without dephasing (no adiabatic '’O
pulse, blue lines). A broad spectral feature in the range 115-125 ppm
corresponds to non-fibrillar (amorphous) aggregates, which show only
a minor decrease in the "N NMR signal in the ’"N{"’O} REAPDOR
spectra.

nance is observed at approximately 127 ppm from the
amyloid fibrils together with a broad peak at approximately
120 ppm, attributed to amorphous aggregates. For the narrow
resonance, a dephasing of 8 % is observed, while there is little
or no dephasing for the broad resonance.
No dephasing was observed for A s
(pH 7.4) fibrils (see Supporting Informa-
tion, Figure S11 and discussion below Fig-
ure 3b).

The dephasing observed in “N{O}
REAPDOR experiments for times up to
9 ms is plotted in Figure 3. Considering the
squares that represent the narrow reso-
nance at approximately 127 ppm from the
amyloid fibrils for Ac-APs.,)-NH, (Fig-
ure 3a) and A5 (pH 2.4) (Figure 3b),
good fits are found to REAPDOR dephas-
ing simulated using SIMPSONP? for an
N-"0 dipolar coupling of 75 Hz (long
dashed lines), corresponding to the typical
NH--O hydrogen-bond distance of 2.8 A.
In Figure 3 a, the crosses correspond to the
broad peak at approximately 120 ppm
owing to amorphous aggregates for Ac-
AB(62)-NH,, and reasonable agreement
with simulated dephasing (short dashed
line) for a “N-0O dipolar coupling of
15 Hz is observed. This corresponds to an
intramolecular closest N-O distance in Ac-
ABusn-NH, of 5A. In Figure3b, no
dephasing is observed for Ao
(pH 7.4) fibrils (stars). This is consistent
with intra- and intermolecular “N-"0O
distances of more than 10 A for a 17+
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Figure 3. Experimental "N{'7O} REAPDOR solid-state NMR (850 MHz,
8 kHz MAS) dephasing for a) the Ac-AB;6.5,-NH, sample (squares =
127 ppm signal from amyloid fibrils; crosses =broad 120 ppm signal
of amorphous aggregates) and b) AB ;55 sample (squares =

pH 2.4; stars=pH 7.4). A best-fit simulation (SIMPSONF?) of REAP-
DOR dephasing for a "N-""O dipolar coupling of 75 Hz (long dashed
lines =fibrils) and a simulation for a 15 Hz "N-""O dipolar coupling
(short dashed line=amorphous) are also shown. The simulated
curves were scaled by a factor of 0.13 corresponding to the degree of
V0 labeling.

k—20—k registry, corresponding to a negligibly small dipolar
coupling, less than 2 Hz, for which no REAPDOR dephasing
is to be expected. In conclusion, the observed "N{"0}
REAPDOR dephasing for the Ac-Af42)-NH, and AR,
»5) (PH 2.4) fibrillar samples is due to intermolecular hydrogen
bonds (Vall8-C=0O---HN-Phe20 and Vall8-C=0O--HN-Ala21,
respectively), which unambiguously confirms the previously
published structural models based on *C-"*C and “C-"N
solid-state NMR measurements on Ac-Af s 2)-NH, and
AB11.55) amyloid fibrils.""*!

In summary, we have demonstrated the use of the "O-
isotope for probing hydrogen bonding and specifically the
robustness of the N{0O} REAPDOR solid-state NMR
method for biologically important systems such as amyloid
fibrils with anti-parallel f-sheet structures formed by frag-
ments of Alzheimer’s amyloid- peptide. This method can
also be used for probing hydrogen bonding in (-hairpin
fragments of globulomers®™ and toxic oligomers."” For
amyloid fibrils of peptides and proteins that form in-registry
parallel B-sheet structures, 50:50 molecular mixtures of
a peptide selectively labeled with 7O at one specific carbonyl
site and a peptide selectively (or uniformly-*N) labeled at
NH sites along the peptide backbone were prepared. Multiple
5N sites could be resolved by 2D 'H-"*N correlation NMR
spectroscopy (and assigned using a variety of 2D N-"°C
correlation techniques) as shown for some membrane pro-
teins and amyloid fibrils of AB_4)[U-"H,"N,"*C].** The 2D
"H-"N HETCOR NMR experiment could be combined with
the "N{"O} REAPDOR method, whereby dephasing would
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only be observed for N signals of amine site(s) hydrogen
bonded to the "0 labeled site. Further work could show the
applicability of “N{""0O} or "O{"N} spin-echo experiments
that probe hydrogen-bond mediated *'Jisy_io couplings.!!

We believe that N{’O} REAPDOR NMR has the
potential to be a useful complimentary technique to the well-
established and highly successful *C-"C and “C-"N solid-
state NMR methods developed for structural biology, in
particular, for systems where ambiguities in structural mod-
eling of hydrogen bonding still remain. The inherent advant-
age is the ability to probe shorter (less than 3 A) nitrogen—
oxygen distances as opposed to longer (more than 4 A)
indirect carbon—carbon and carbon—nitrogen distances. Using
higher levels of 7O enrichment to increase the amplitude of
REAPDOR dephasing, "N{7O} REAPDOR could be read-
ily applied to study hydrogen bonding in key fragments of
toxic oligomers of the full length AR or AP 4, peptides
and their mutations; work along these lines is currently in
progress.

Experimental Section

The 7O and "N selectively labeled peptides were synthesized using
Fmoc-protected solid-phase peptide synthesis and purified by HPLC:
(1) a seven-residue peptide Ac-Af64,-NH,: N-acetyl-Lys-Leu-
Val;4("70)-Phe-Phe,('°N)-Ala-Glu-NH, and (2) a fifteen-residue
peptide AB; s Glu-Val-His-His-Gln-Lys-Leu-Val,g(’O)-Phe-Phe-
Alay (U-*C,®N)-Glu-Asp-Val-Gly. Fmoc-Val('’0) was prepared by
exchanging 'O to 'O in valine dissolved in H,"O (ca. 20%
enrichment) at elevated temperature followed by Fmoc protection.
It was found by electrospray mass spectrometry (see Supporting
Information) that the final O enrichment in the peptides after the
synthesis and purification was 15+5%.

Amyloid fibrils of Ac-Af42,)-NH, (in a PBS buffer at pH 7) and
A5 (at both pH2.4 and pH7.4) were prepared following
methods described in detail by Balbach etal!"! and Petkova
et al.,® respectively. To ensure formation of the correct polymorph
of fibrils, solutions of AB;,s) (pH 2.4) were seeded with sonicated
fibrils kindly provided to us by Petkova and Tycko and further
confirmed by the N chemical shift of Ala21.*?!

Solid-state NMR experiments were performed on a Bruker
Avance 11T 850 MHz spectrometer using a triple-resonance 2.5 mm
double broadband probe (see Supporting Information for additional
experimental details). Experiments were performed with approx-
imately 2mg of Ac-AP-NH,[Valig('’O), Phey("*N)] amyloid
fibrils and approximately 10mg AP, .s[Valig('’0), Ala,(U-
BC,N)] of amyloid fibrils prepared at either pH 2.4 or pH 7.4.
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