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The misfolding of proteins and their subsequent aggregation into

amyloidogenic deposits is associated with many diseases, including
the Prion diseases (such as Scrapie, Bovine spongiform encepha-
lopathy, and Creutzfeldt-Jakob disease), Type Il diabetes, and

Alzheimer’'s disease (AD)The precise mechanism of neurotoxicity

remains uncertain, although it is generally agreed that an early step

in the aggregation process is the adoption gf-sheet structure.
Hence, the formation and stabilization@&heets is of significant
importance in understanding the aggregation process.

The amyloid deposits, which accumulate in the brains of patients
with AD, contain large amounts of the 4@2 residue3-amyloid
peptides: Several short sequences from the full-lengtamyloid,
for example, A8(1—28)2 AB(9—25)2 AB(10—35)>6 AB(10—-23)/
AB(16—-22)8 AB(26—33)? and A3(34—42)210 have been shown
to form amyloid fibrils in isolation. The central, hydrophobic core
of this peptide, residues &2 (A5(16—22)), has been studied
extensively by computational chemists using molecular dynamics
simulationd~12 and an activatiortrelaxation technique (ARTY-15
This seven-residue sequence, KLVFFAE, is of particular interest
since four disease-causing mutations occur in this refidris
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Figure 1. Amide I' bands of (a) unlabeled/&16—22) and labeled (16—

22) at (b) Leul7 and Ala21 simultaneously, (c) Leul7, and (d) Ala21 after
heating to 75°C and recooling to 25C. The frequency of th&’C-labeled
carbonyl vibrations are indicated. The insets indicate Afstrands with
filled circles representing th&C-labeled residues; residue 17 is red and
residue 21 is blue.

peptide is also one of the shortest reported amyloidogenic sequences

and, due to its small size, is highly amenable to modeling studies.
Results from solid-state NMR show that the peptide adopftslaeet
structure within the fibrils and, more specifically, an antiparallel,
in-register conformation has been obser¥ethis antiparallel
arrangement ofs-strands has been confirmed by simulations of
AB(16—22) in explicit aqueous solvent; Ma and Nussinov, in 2002,
reported that the most stable conformation for an octamer of
Ap(16—22) is that of two paralleB-sheets, each comprising four
antiparallels-strandst® The antiparallel in-register alignment was
also found to be the lowest-energy conformation by Santini et al.,
in 2004, for dimers and trimers of A16—22)1415 However, to
date, there are no reports of the alignment and registry5¢l 68—

22) in solution from data obtained experimentally, nor any detailed

oscillators are close enough, tHE€ amide 1 frequency is further
reduced due to coupling between tR& modes. Thus, by
systematic labeling of the residues of@6—22), specific points
of interstrand contact can be determined in the same way as has
been done previously for the case of the prion peptide PrP{109
122)18.19

An unlabeled 8(16—22) peptide was synthesized together with
five variants carrying a singl&C label (residues 1721 sequen-
tially) and a variant with residues 17 and 21 labeled simulta-
neously?! IR measurements were made on each sathatel on a
1:1 mixture of the unlabeled peptide and the doubly labeled peptide.
The IR spectra of the unlabeled peptide and of several labeled
variants are shown in Figure 1.

description of the mechanism of aggregate formation. Here, using  The spectrum of the unlabeled peptide has the distinct shape of
an isotope-edited infrared (I-E IR) spectroscopic technique, we are a -sheet: two narrow bands centered at around 1620 and 1690

able to describe the arrangement/bétrands of 4(16—22) in

cm~1, The absence of intensity around 1650¢énmwhich would

aqueous solution at the molecular level, and moreover, we are ablebe attributed to random coil structure, suggests in-regissreets
to comment on the method of rearrangement of these strands fromsince an “over-hang” of residues caused by a significantly out of

their initial state into the final, in-register antiparallel configuration.
This technique provides the first experimental evidence of the
arrangement of thg-strands of A(16—22) in solution; moreover,
the technique is highly applicable to othfesheet-forming systems

register alignment would give rise to some random coil sighal.
Irrespective of which of the residues is labeled, the introduction of
a single!3C carbonyl results in a narrow, resolvable band at around
1600 cnt?, which is assigned t8-sheet and indicates that all five

and allows the dynamics of strand rearrangements to be monitoredcentral residues of A(16—22) are in thes-sheet conformation.

in real time.
I-E IR spectroscopy has been used to provide site-specific
structural information about peptid&2° The introduction of-3C

Very similar frequencies for th€C band are observed if residues
17, 18, 20, or 21 are labeled individually (1601604 cnT?; see
Figure 1 and Supporting Information). However, if residue 19 is

labels into the peptide backbone (at the carbonyl C) induces alabeled individually or residues 17 and 21 are labeled simulta-

resolvable shoulder to the main amidéand, due to the decreased
vibrational frequency of the heavier oscillator limiting coupling
between thé2C=0 modes and th&*C=0 mode. If two13C=0

13488 m J. AM. CHEM. SOC. 2005, 127, 13488—13489

neously, thel®*C amide 1 band is found, after equilibration, at
approximately 15931594 cnt!. This is consistent with an
antiparallel3-sheet model, in which th&C-labeled carbonyl of

10.1021/ja054663y CCC: $30.25 © 2005 American Chemical Society



COMMUNICATIONS

(A) 1591.2
4
8
]
o
2
]
2
<
= W
1601.6%
M T v T v T v T v T v T v T
1700 1650 1600 0 1000 2000 3000
Wavenumbers / cm™ Time / mins
(c) (D) 1602.8
=%
g 1602.6 E
= | 1506.3 g
g o= < g
3
< 4 &
v
1593.1
T T T T T T T T T T T T T T
1700 1650 1600 1'||fllll:l1 1650 1600
Wavenumbers / cm’

Figure 2. (A) Difference spectra of & 17, 21 collected over time at 55
°C. (B) Kinetic trace for the alignment of Aat 55°C; the absorbance at
1591 cnrlis plotted against time. (C) The amideband of a 1:1 mixture

of unlabeled 4(16—22) and AS 17, 21 at 25°C before (black) and after
(red) heating to 75C. (D) The difference spectra calculated by subtracting
the initial 25°C spectrum from the final spectrum.

residue 17 can couple with tR&C-labeled carbonyl of residue 21;
thus, residue 19 is in-register across all stands also resulting in
coupling. These results conclusively rule out a parallel strand
alignment since this would mean the ability of tH€ carbonyls
to couple would be equivalent for each residue, and therefore, very
similar vibrational frequencies would be observed regardless of the
residue labeled.

The initially formed S-sheets do not have this equilibrium
alignment. The position of th€C band of A3 17, 21 and 4 19

moves to lower frequency as the peptide strands come into register.

This realignment occurs with prolonged incubation at a given
temperature or following a heat/cool cycle. Figure 2A shows the
difference spectra calculated from data collected atG®ver 2
days; the initial spectrum was subtracted from all subsequent
spectra. The increase in absorbance at 1591'dmdue to the
labeled carbonyls aligning to enable coupling. Figure 2B shows
the increase in absorbance at 1591 &plotted against time and
fit to a stretched exponential function. The alignment process
proceeds more quickly at high temperature (see Supporting
Information).

In combining samples of unlabeled5f6—22) and A5 17, 21,

we are able to show that during this alignment process there is a

mixing of strands from preformed domains of labeled and unlabeled
pB-sheets. Figure 2C shows tA& band of the mixture shifting

toward higher frequency as the anneal cycle proceeds, indicating a

decrease in the ability of tHéC-labeled carbonyls to couple. This
is further emphasized by the difference spectra in Figure 2D, which
show a decreasing absorbance at 1593 cand a concordant
increase in intensity at 1603 crh

The amide '1band shows no features attributable to the random
coil configuration, indicating that there is no pool of monomer in
the solution since monomeric#16—22) predominantly adopts a
random coil configuratioA® Therefore, a realignment mechanism
similar to that observed at low concentration for the H1 prion
peptide (PrP(109122)F2 of continuous detachment @Fstrands

from the sheet and then reattachment of peptide strands from the

pool of monomer onto the sheet in the correct registry is inap-

propriate here. Despite this, the spectral features can only be ©3)

explained by a mechanism which results in the mixing of labeled

and unlabeled strands; hence, we conclude that there is a rapid

interchange of strands from sheets of unlabel¢i{16—22) and

sheets of & 17, 21. The kinetics of this process are expected to
be concentration-dependent and are currently under investigation.
The process whereby peptide strands come together rapidly to
form f3-sheets and then rearrange themselves into a more favorable
registry has been observed experimentally for PrP{1i(@p).19.23
as well as through simulatiod$!> Previous work in this group
has exposed the significance of a peptide adopting its favored
alignment in terms of its ability to go on to form stable amyloid
fibrils.’® The observation that /(16—22) also rearranges into a
more stable registry suggests this realignment may be a more
general process in the mechanisms of aggregation and as such, a
better understanding of the process is essential for understanding
the formation of amyloidogenic fibrils.
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