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Amyloid fibril formation is associated with several neurodegen-
erative disorders either through a gain in toxic function or through
a loss of function.1 The prefibrillar soluble oligomers have been
shown to be significantly more toxic than the mature amyloid fibrils,
as these early aggregates lead to apoptotic or necrotic cell death
by causing oxidative stress and altered cellular homeostasis as a
result of their interactions with membranes.1,2 Solution studies help
understand the mechanism of formation of the soluble toxic
oligomeric intermediates, and they may provide clues for the
inhibition of the early, still reversible, steps in the cascade of events
that lead to cell death. However, the molecular basis underlying
these initial self-recognition processes in solution is not fully
understood.1H NMR relaxation rates provide a widely applicable
and sensitive probe ideally suited to investigate the weak (KD ∼
micromolar to millimolar range) interactions that frequently mediate
polypeptide oligomerization. Specifically, the NMR relaxation rates
that are most sensitive to the formation of high molecular weight
oligomers are those which increase monotonically with increasing
correlation time,τc. This is the case for the1H transverse (R2) and
the selective1H longitudinal (R1,s) relaxation rates because bothR2

andR1,scontain a spectral density term calculated at zero frequency
that results in the desired directτc dependence (Figure 1a).3-5

However, the measurement of bothR2 andR1,s is often experimen-
tally challenging.3 The accurate determination of1H R2 rates by
CPMG sequences (90x° - (τ - 180y° - τ)2n) is hampered by the
concurrent homonuclear scalar coupling (JHH) evolution, and the
measurement of1H R1,s rates is limited only to very small ligands
with well-resolved NMR resonances for which selective inversions
can be implemented. In addition, even when the necessary selectiv-
ity is obtained, multiple selective measurements on different protons
are required to produce a full interaction map. Here, we propose
a different NMR experiment based on nonselective1H off-
resonance relaxation that avoids the drawbacks intrinsic to the
measurement of both1H R2 and R1,s. The proposed method has
been applied to the peptide Aâ (12-28) with sequence H3N+-
V12HHQKLVFFAEDVGSNK28-COO- dissolved in acetate buffer
(pH 4.7), which has been shown to provide a reproducible model
for the early stages of the reversible oligomerization preceding the
formation of amyloid deposits linked to Alzheimer’s disease.6

The proposed relaxation experiment is implemented through an
off-resonance spin-lock with a typical trapezoidal shape that ensures
adiabaticity.7 This trapezoidal relaxation block is inserted after the
interscan delay and before the first 90° pulse of a 1D or 2D pulse
sequence (i.e., TOCSY)8-11 used to detect the signal and to monitor
the decay during the off-resonance spin-lock (Figure 2). It is easily
shown (Supporting Information) that for a given spini the initial
rate of decay along the effective field tilted by an angleθ with
respect to the longitudinal axis of the rotating frame is

wherec ) cos(θ), s ) sin(θ), R1,ns and R2 are the nonselective

longitudinal and transverse (in-phase) relaxation rates (Figure 1a).
The tilt angleθ ) 35.5° is particularly interesting because at this
θ value, NOE/ROE compensation annihilates the effective cross-

Rθ,ns
i ) (c - 1)cR1,ns

i + s2R2
i (1)

Figure 1. Plot of relaxation rates as a function of the correlation time (τc)
for a model two-spin system. The proton Larmor frequency is 700 MHz
and K) p2γH

4/10rij
6. (a) Theτc dependence of the nonselective (R1,ns) and

selective (R1,s) longitudinal relaxation rates as well as of the transverse
relaxation rate for in-phase magnetization (R2) and of the nonselective
off-resonance relaxation rate at the tilt angleθ ) 35.5° (R35.5o,ns). (b) The
τc dependence of the self- (F|), cross-relaxation (σ|), and equilibrium
(-cos(35.5°)R1,ns) components ofR35.5o,ns. Further details are available in
the Supporting Information.

Figure 2. Pulse sequence for the off-resonance TOCSY experiment. The
off-resonance spin-lock has a trapezoidal shape including two adiabatic
pulses of durationτA ) 4 ms, which scale linearly up/down to/from a field
with a strength (ω1) of 8.23 kHz and duration∆t. The frequency offset is
∆ν ) ω1/tan(θ), whereθ is the tilt angle of the effective field.7 Summation
of data acquired with positive and negative offsets in alternate scans is
employed to minimize angular dispersion.8 Water suppression was achieved
through a 3-9-19 Watergate spin-echo.9 A weak bipolar gradient10 was
implemented during the incremented delayt1 to suppress radiation damping,
which would otherwise deteriorate the effectiveness of the Watergate water
suppression. The phase cycle isφo ) x; φ1 ) x, x, -x, -x; φ2 ) (x)8,
(-x)8; φ3 ) (x)4, (-x)4; φRec ) x, x, (-x)4, x, x, -x, -x, (x)4, -x, -x; the
DIPSI-211 phases are-y, y, and the 3-9-19 Watergate phases arex, -x.9

The G1, G2, and G3 pulsed field gradients are sine-bell shaped and have a
duration of 1 ms followed by a delay of 0.2 ms. G1 and G2 purge residual
transverse components of the magnetization before and after the off-
resonance spin-lock. The relative ratios for the G1, G2, and G3 strengths
are 17, 11, and 30, respectively. The standard 2D TOCSY in the dotted
box can be replaced by a simple 1D experiment in case there is no overlap
in the 1D spectrum. Further details are available in the Supporting
Information.
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relaxation rate (σ|) in the spin-diffusion limit7 (Figure 1b), therefore
minimizing cross-talk effects between different spins and causing
theR35.5o,ns rate in the spin-diffusion limit to approach the effective
self-relaxation rate atθ ) 35.5° (F|) (Figure 1b) (Supporting
Information). Atθ ) 35.5°, the contribution fromR2 in eq 1 already
significantly prevails over that fromR1,ns, resulting in the desired
marked monotonic increase ofRθ,ns with τc (Figure 1a,b). The
R35.5o,ns measurement is not limited by the selectivity requirements
typical of R1 experiments. In addition, theR2 artifacts arising from
J-transfer in CPMG-like pulse trains are here effectively suppressed
by placing the spin-lock field off-resonance.7 An additional
advantage of the proposed experiment (Figure 2) is that multiple
TOCSY cross-peaks are available to monitor the relaxation of each
single 1H spin, thus minimizing overlap problems. For instance,
when measuring R35.5o,ns rates for HR spins in a polypeptide, if the
(HR,HN) cross-peaks are not well resolved or are weakened by
saturation transfer from water, the (HR,Hâ) cross-peaks are often
available as alternative probes of the decay.

As an example of the use of theR35.5o,ns rates, we have applied
the proposed relaxation experiment (Figure 2) to the peptide Aâ
(12-28). The dissociation constant for the Aâ (12-28) oligomer-
ization equilibria has been reported to be in the millimolar range,
but the molecular determinants for self-recognition underlying
oligomer formation are not fully understood.12 We therefore
prepared two Aâ (12-28) samples, one at 1 mM and one at 0.1
mM, and we measured the R35.5o,ns rates of the HR spins for both
samples (Supporting Information). As shown in Figure 3a, for the
diluted Aâ (12-28) sample, no significant variations in the
measured HR-R35.5o,ns rates are observed throughout the sequence.
For G25, no well-resolved TOCSY cross-peaks were available, but
it is likely that glycine represents an exception because of its
markedly different1H density around the HR spins. These observa-
tions suggest that at least for the Câ-containing residues of Aâ
(12-28), the measured HR-R35.5o,ns rates do not depend significantly
on the amino acid type. A significant increase in the HR-R35.5o,ns

rates for most residues is, however, observed when the peptide
concentration is 10-fold higher (Figure 3a). The difference between
HR-R35.5o,ns rates in the concentrated and in the dilute samples

(Figure 3b) shows that the 10-fold increase in concentration results
in higher-than-average HR-R35.5o,ns enhancements only for residues
K16LVFFAE22, suggesting that this region contains key determinants
for self-recognition while the flanking residues remain relatively
flexible even after oligomerization. The uncertainty in the start and
end points of the critical peptide segment is expected to be about
(1 residue (16( 1, 22 ( 1). This result is fully consistent with
previous independent mutation-based studies on full-length Aâ
peptides, indicating that residues K16LVFFA21 in the central
hydrophobic cluster of Aâ serve as a key binding element for Aâ
fibrillization.13 Furthermore, mutations at E22 linked to familial
Alzheimer’s disease significantly affect Aâ aggregation.14

In conclusion, we have shown that nonselective off-resonance
relaxation rates withθ ) 35.5° (R35.5o,ns) are effective probes of
noncovalent interactions circumventing theJ-transfer and selectivity
problems typically associated with transverse and longitudinal
relaxation measurements. When applied to HR spins in polypeptides
at different concentrations, the proposed experiment is useful to
map at residue-resolution self-recognition in the early steps of
aggregation, providing a new spectroscopic tool to investigate the
molecular determinants of amyloidogenesis. The method is expected
to be widely applicable not only to the fast growing family of
amyloidogenic peptides,15 including other forms of Aâ peptides,
but also to the screening and mapping of protein-ligand interactions
in general.
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Figure 3. Plot of relativeR35.5o,ns relaxation rates versus residue number
in Aâ (12-28) with sequence H3N+-VHHQ15KLVFF20AEDVG25SNK-
COO-. All rates were measured at 20°C in 50 mM acetate-d3 buffer pH
4.7 and at 700 MHz. No well-resolved TOCSY cross-peaks were available
for H13 and G25. (a) Circles and triangles refer to rates at 1 and 0.1 mM Aâ
(12-28) concentrations, respectively. All rates are normalized to the
maximum rate and smoothed by averaging over a two residue (i, i + 1)
window (Supporting Information) with the exception of V12, V24, and K28

for which no averaging was possible. For these three residues, the actual
normalized rates are reported for the sake of completeness. (b) Difference
between the two plots shown in panel (a). The horizontal solid and dashed
lines indicate the mean( the standard error.
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