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Amyloid fibril formation is associated with several neurodegen- 8
erative disorders either through a gain in toxic function or through
a loss of functiort. 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 membranesSolution studies help x
understand the mechanism of formation of the soluble toxic &
oligomeric intermediates, and they may provide clues for the 2
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  °
understoodH NMR relaxation rates provide a widely applicable P R —
and sensitive probe ideally suited to investigate the wéak~ ’ log(t /sec) ) logt /sec)
micromo!ar to .miIIimo.Iar range) int?raCtions that frequently. mediate Figure 1. Plot of relaxation rates as a function of the correlation timg (
polypeptide oligomerization. Specifically, the NMR relaxation rates for a model two-spin system. The proton Larmor frequency is 700 MHz
that are most sensitive to the formation of high molecular weight and K= #2y,4%10r;;®. (a) Ther. dependence of the nonselecti 9 and
oligomers are those which increase monotonically with increasing SelleCtit\_/e Rl,s)t |0fngit_udifr1]a| relaxatiOf:_ fa:_es as V\(/je" fathf the trl'clnst_verse
. . [P relaxation r rin- magnetizati n non (\
correlatlorl timeze. Thls. Is the case for .th%H transverseR) and o?fieiocr)]an?eere?axatign?Z?e afl ?heetiltaar?g;(:a%ﬂ? (R3: g,ng. (St?) ?IFhee
the selectivéH longitudinal Ry 9 relaxation rates because b&h 7 dependence of the selfplf, cross-relaxationd), and equilibrium
andRy s contain a spectral density term calculated at zero frequency (—cos(35.5)R;,n) components oRsssns Further details are available in
that results in the desired direet dependence (Figure 1&)° the Supporting Information.
However, the measurement of bd¥handR, sis often experimen-
tally challenging® The accurate determination &fl R, rates by
CPMG sequences (F0— (v — 18Q° — 7)2,) is hampered by the
concurrent homonuclear scalar couplirifH) evolution, and the
measurement oH R; 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 G3 G3
are required to produce a full interaction map. Here, we propose rigyre 2. Pulse sequence for the off-resonance TOCSY experiment. The
a different NMR experiment based on nonselectit¢ off- off-resonance spin-lock has a trapezoidal shape including two adiabatic
resonance relaxation that avoids the drawbacks intrinsic to the pulses of durationa = 4 ms, which scale linearly up/down to/from a field
measurement of botfH R, and R, s The proposed method has with a strength @) of 8._23 kH; and duratiort. Thg fre_quency oﬁsgt is
been applied to the peptidefA12—28) with sequence H+— Av = wi/tan@), whereg is the tilt angle of the effective _fleIZiSummatlon _
. ) of data acquired with positive and negative offsets in alternate scans is
V1,HHQKLVFFAEDVGSNKs—COO™ dissolved in acetate buffer  employed to minimize angular dispersiWater suppression was achieved
(pH 4.7), which has been shown to provide a reproducible model through a 3-9—19 Watergate spinecho? A weak bipolar gradieA was

for the early stages of the reversible oligomerization preceding the implemented during the incremented defiato suppress radiation damping,

formation of amyloid deposits linked to Alzheimer’s disefise. which would otherwise deteriorate the effectiveness of the Watergate water
h . L suppression. The phase cycledis = X; ¢1 = X, X, =X, =X; ¢2 = (X)s,

The proposed.relaxatlc?n experlment is |mplemented through an (—X)s; ¢3 = (4, (—X)a; Brec= %, X, (—X)a, % X, =%, —%, (X1, =X, —x; the

off-resonance spin-lock with a typical trapezoidal shape that ensuresDIPSI-21 phases are-y, y, and the 3-9—19 Watergate phases are—x.°

adiabaticity’ This trapezoidal relaxation block is inserted after the The G, G, and G pulsed field gradients are sine-bell shaped and have a

interscan delay and before the first°8ulse of a 1D or 2D pulse duration of 1 ms followed by a delay of 0.2 ms; @1d G purge residual

. . . transverse components of the magnetization before and after the off-
1
sequence (i.e., TOCSY)'* used to detect the signal and to monitor resonance spin-lock. The relative ratios for the G, and G strengths

the decay during the off-resonance spin-lock (Figure 2). Itis easily are 17, 11, and 30, respectively. The standard 2D TOCSY in the dotted

4+

108/K

. aip

shown (Supporting Information) that for a given spithe initial box can be replaced by a simple 1D experiment in case there is no overlap
rate of decay along the effective field tilted by an anglevith in the 1D spectrum. Further details are available in the Supporting
respect to the longitudinal axis of the rotating frame is Information.
J— j i itudi o . .
Ra,ns_ (c— 1)CR1,ns+ SZRZ (1) longitudinal and transverse (in-phase) relaxation rates (Figure 1a).

The tilt anglef = 35.5 is particularly interesting because at this
wherec = cos@), s = sin(@), Rins and R, are the nonselective 6 value, NOE/ROE compensation annihilates the effective cross-
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T ] (Figure 3b) shows that the 10-fold increase in concentration results
L 08| - in higher-than-averageddRss = s enhancements only for residues
é;a 06 ] K1eLVFFAE,,, suggesting that this region contains key determinants
2ol ] for self-recognition while the flanking residues remain relatively
o o2l b flexible even after oligomerization. The uncertainty in the start and
- . end points of the critical peptide segment is expected to be about
0 +1 residue (16+ 1, 22+ 1). This result is fully consistent with
oslE ] previous independent mutation-based studies on full-length A
Fosl h peptides, indicating that residues;gKVFFA,; in the central
LS . hydrophobic cluster of A serve as a key binding element fof A
\§°‘4._ ] fibrillization.*® Furthermore, mutations at,Elinked to familial
g o2 ] Alzheimer’s disease significantly affectffaggregatiort?
o m In conclusion, we have shown that nonselective off-resonance

216 B e smber % B relaxation rates witld = 35.5 (Rss.,g are effective probes of
Figure 3. Plot of relativeRss = ns relaxation rates versus residue number noncovalent Interactlons CI.rcumverlltlng thransfer and Select.IVIty.
in Af (12—28) with sequence B+ —VHHQ1sKLVFF 2AEDVGsSNK— problems typically associated with transverse and longitudinal
COO". All rates were measured at 2C€ in 50 mM acetatel buffer pH relaxation measurements. When applied todpins in polypeptides
4.7 and at 700 MHz. No well-resolved TOCSY cross-peaks were available at different concentrations, the proposed experiment is useful to
for Hysand Gs. (a) Circles and triangles refertorates at 1and 0.1 mMA a5 4t residue-resolution self-recognition in the early steps of
(12—28) concentrations, respectively. All rates are normalized to the . . . . .
maximum rate and smoothed by averaging over a two residuet( 1) aggregation, prO\_/ldlng a new spectrosco_plc tool to mve_stlgate the
window (Supporting Information) with the exception 0f/V2s, and Keg molecular determinants of amyloidogenesis. The method is expected
for which no averaging was possible. For these three residues, the actualto be widely applicable not only to the fast growing family of
normalized rates are reported for the sake of completeness. (b) Diﬁerenceamyloidogenic peptided, including other forms of A& peptides,

between the two plots shown in panel (a). The horizontal solid and dashed : ; ; ; :
lines indicate the meas the standard eror. It;]u; :Irslgrt;)l the screening and mapping of protdigand interactions

relaxation rated!) in the spin-diffusion limit (Figure 1b), therefore Acknowledgment. Dedicated to the memory of Prof. Murray
minimizing cross-talk effects between different spins and causing Goodman. We thank Dr. A. Bain, H. Huang, and J. Milojevic for
theRes s nsrate in the spin-diffusion limit to approach the effective  helpful discussions, NSERC for funding, and the University of
self-relaxation rate ab = 35.5 (p!) (Figure 1b) (Supporting Naples for a fellowship to V.E.

Information). At = 35.5, the contribution fronR; in eq 1 already ) ) ] ) )
significantly prevails over that frorRy s resulting in the desired Supporting Information Available:  Details for Materials and
marked monotonic increase s with 7. (Figure 1a,b). The Methods as WeII_ as the derivation of eq 1. This material is available
Rss.ns Measurement is not limited by the selectivity requirements €€ Of charge via the Internet at http://pubs.acs.org.

typical of Ry experiments. In addition, th&, artifacts arising from

J-transfer in CPMG-like pulse trains are here effectively suppressed References
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