Angewandte

@ UL RO LT IR (4 {1I{A; Very Important Paper

Zuschriften

DOI: 10.1002/ange.201402636

{f Significant Structural Differences between Transient Amyloid-f§
\"" Oligomers and Less-Toxic Fibrils in Regions Known To Harbor

7008

Familial Alzheimer's Mutations™**

Bidyut Sarkar, Venus Singh Mithu, Bappaditya Chandra, Arghya Mandal,
Muralidharan Chandrakesan, Debanjan Bhowmik, Perunthiruthy K. Madhu,* and

Sudipta Maiti*

Abstract: Small oligomers of the amyloid f (AB) peptide,
rather than the monomers or the fibrils, are suspected to initiate
Alzheimer's disease (AD). However, their low concentration
and transient nature under physiological conditions have made
structural investigations difficult. A method for addressing
such problems has been developed by combining rapid
fluorescence techniques with slower two-dimensional solid-
state NMR methods. The smallest AP, oligomers that demon-
strate a potential sign of toxicity, namely, an enhanced affinity
for cell membranes, were thus probed. The two hydrophobic
regions (residues 10-21 and 30-40) have already attained the
conformation that is observed in the fibrils. However, the turn
region (residues 22-29) and the N-terminal tail (residues 1-9)
are strikingly different. Notably, ten of eleven known A mu-
tants that are linked to familial AD map to these two regions.
Our results provide potential structural cues for AD therapeu-
tics and also suggest a general method for determining transient
protein structures.

Early aggregates of amyloid  (AP) peptides are suspected
to initiate Alzheimer’s disease (AD).! As the monomers
evolve to form ever larger aggregates, their structures and
properties also change.'*? As it is difficult to resolve the
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structure of a species that evolves on the timescale of minutes,
the mechanism underlying AP oligomer toxicity remains
poorly understood. Fluorescence-based techniques are fast
and sensitive, but their structural resolution is poor. NMR
spectroscopy can provide atomic-level structural resolution,
but suffers from poor sensitivity and speed. Herein, we
combine the power of these two techniques to study evolving
AP oligomers. We observed structural differences between
the toxic oligomers and the less toxic fibrils in specific regions
of the peptide, which may provide clues towards the origin of
Alzheimer's disease.

The structures of some of the transient Af oligomers have
been probed by stabilizing these species under non-physio-
logical conditions, for example, by using low temperatures,”!
low salt concentrations,*™ detergents,” antibodies,”® or by
grafting pieces of AP oligomer into crystallizable peptides.”!
In contrast, the structure of the less toxic!'>®! fibrillar end state
has been determined reasonably well by solid-state NMR
(ssNMR) spectroscopy using fibrils that were grown in
physiological solutions.”) Notably, in a recent study, fibrils
that were taken from post mortem AD brains were used as
aggregation templates.!”

The extent to which the structures of the stabilized
oligomers resemble those formed under physiological con-
ditions, or whether any of these structures constitute the
initial toxic species, is not known. Recent fluorescence
experiments suggested that the membrane affinity, a crucial
parameter for the interaction of an extra-cellular peptide such
as AP with cells, increases sharply in an early stage of
aggregation.''! These membrane-active AP,y (AfL) species
appear to be small oligomers (n-mers with n<10 and
a hydrodynamic radius of ca. 1.5nm).'®'2 They have
a closed conformation with the two termini in close proximity,
a structural feature that makes them appear similar to the
fibrils.” In contrast, the monomer is flexible with a large inter-
terminal distance® and a partially alpha-helical structure.!"
This indicates that the acquisition of high membrane affinity
is associated with a crucial structural transition, even though
the details of this transition are not known.

An alternative approach to determine transient structures
aside from stabilization in non-physiological conditions, is to
freeze an evolving structure and perform multidimensional
ssNMR experiments on the frozen or freeze-dried solid
specimen. There are two problems in applying this strategy
to the early Ap,, oligomers under physiological conditions:
They evolve quickly (on a timescale of tens of minutes), and
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they are present at concentrations in the um range (higher
concentrations lead to increasingly faster aggregation). We
therefore require a fast readout of the oligomer size and
conformation and a method for separating small amounts of
protein from the large amounts of salt and solvent that are
present in a physiological buffer solution after freezing.

As we have recently shown, the first problem can be
solved by using fast fluorescence techniques, that is, fluores-
cence correlation spectroscopy (FCS, which measures size)
and Forster resonance energy transfer (FRET, which mon-
itors conformation).’! To address the second problem, we
used a volatile buffer, which allowed us to remove both the
solvent and the salt while keeping the protein intact in the
frozen state. This procedure is presented in Figure 1 A. We
continuously monitored an Af,, solution (25 pm) with FCS
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Figure 1. A) Preparation of AP, oligomers for solid-state NMR spec-
troscopy and control experiments. B) Size (before lyophilization: black,
after redissolution: red) determined by a single-component fit (—)
to fluorescence autocorrelation data (o) of AP, labeled with rhod-
amine. C) The conformation of the AB,, oligomers was determined by
fitting time-correlated single photon counting (TCSPC) lifetime data
(o) that was obtained from donor-labeled AB,, (before: black, after:
green) and donor-acceptor-labeled AB,, (before: red, after: blue) to
multi-exponential decay models (—). The fit residuals (Res) and the
autocorrelation of the residuals (AC) are shown in the corresponding
colors.

and FRET, after the solution had initially been prepared by
diluting a stock solution with a high pH value with a volatile
ammonium acetate buffer (with a physiological pH value of
7.4 and salt concentrations of 175 mMm) at room temperature.
When the species in the solution are typically able to bind to
cell membranes (approximately 15-30 minutes after prepara-
tion),"? the solution was flash-freezed by adding solution
droplets to liquid nitrogen. The mixture was lyophilized in the
frozen state until the water and the volatile buffer had
evaporated. The volatile buffer ensures that approximately
10-15mg of the protein can be recovered from several
hundred milliliters of dilute solution. This powder was then
subjected to magic-angle spinning (MAS) ssNMR spectros-

copy.
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We first investigated whether this method of freeze-drying
in a volatile buffer leaves the aggregate size and the peptide
conformation unchanged. Small amounts of separate samples
(25 um ABy) that contain rhodamine labeled AR,y (RAP,
50 nM, for FCS measurements) or donor- or donor—acceptor-
labeled APy (AP4-EDANS and Dabceyl-AB,-EDANS, at
a labeled/unlabeled peptide ratio of 1:5, for FRET studies)
were subjected to the treatment described above. The FCS
measurements before lyophilization (Figure 1B; black line)
yielded a diffusion time of 94.0 & 1.2 ps in our home-built FCS
instrument™ (implying a hydrodynamic radius of 1.69+
0.05 nm). The FCS curve remained nearly unchanged for
the redissolved lyophilized powder (Figure 1B; red line),
which yielded a hydrodynamic radius of 1.65+ 0.16 nm. The
FRET measurement before lyophilization (Figure 1 C; donor-
labeled protein: black, donor-acceptor-labeled protein: red)
revealed an inter-terminal distance of 2.0 & 0.2 nm, whereas
the FRET measurement after lyophilization (Figure 1C;
donor-labeled protein: green, donor-acceptor-labeled pro-
tein: blue) gave a distance of 2.1 £ 0.3 nm (see the Supporting
Information for details). Therefore, our measurements have
established that the lyophilization procedure leaves the size
and the conformation of the oligomers unchanged, within
experimental errors.

We also confirmed that the ammonium acetate buffer
does not change the conformation of the protein, at least in
the fibrils. We established the similarity with structures
observed in more commonly used buffers (such as phosphate
or HEPES buffered saline solutions),”™ using transmission
electron microscopy (TEM; Figure S1) and ssNMR spectros-
copy (Figure S2).

We then compared the structure of the oligomers with that
of the fibrils (both grown in ammonium acetate buffer) per
region, using “C-"*C 2D correlation spectroscopy (Fig-
ure 2A-C; blue: oligomer, red: fibril). We prepared three
different isotopically labeled (**C and "°N) specimens, S', S?,
and S°. S! was labeled at E11, F19, A30, L34, V36, and G38, S?
at A2, V12, F20, D23, S26, K28, and M35, and S* at RS, D7,
K16, A21, G25, N27, 132, and V40. All of the isotopically
labeled residues are marked with black circles (Figure 3 A).
The peak markers in Figure 2 A—C obey the region-wise color
scheme that is depicted in Figure 3 A. We first considered the
regions that constitute the mostly hydrophobic [3-sheet arms
in the structural models of the fibrils (residues 10-21 and 30—
40, the region shaded green in Figure 3 APY). There are
13 isotopically enriched residues in these two arm regions, at
positions E11, V12, K16, F19, F20, A21, A30, 132, L34, M35,
V36, G38, and V40. The *C-"*C correlation spectra show that
the conformations for this region are remarkably similar for
the oligomers and the fibrils (Figure 2 A-C; cross-peaks
indicated by green lines; see Table S1 for the respective
chemical-shift values). The secondary chemical-shift values
(Aé = 6observed_6random coil)lls} are shown in Figure 3B (tOp
panel; 0O: carbonyl carbon atoms, o: acarbon atoms, A:
[ carbon atoms; blue: oligomers, red: fibrils). The chemical-
shift differences between the two species (Oyjigomers—Oribrils) aT€
also given in Figure 3B (bottom panel; the yellow region
corresponds to values of >4 1 ppm, which are considered to
be very significant). Conformations with significant popula-

www.angewandte.de

Chemie

7009


http://www.angewandte.de

Angewandte
Zuschriften

7010

F19Ca-CB \ b
V36Ca-CR Cy-Ca

€ : -Ca
1 7S26CoCp - M35CaCR Ty poey cq

70— S26CO-CB
T 7 T T LA L O O L L B B
180 160 60 40 20
7 -
¢ 4 // 13200-Co1 || 132cacore 132cy1-cor P2 EYECO!
10— K16 0 p
Cy-Cd
ol 132Cy2-Cy1
B s
[eX
o 32Cy2-CB
> 40— 132
e p 51-CB
K16 K16Cy-Ce
50— Co-Cala21caCp
N27
60— ‘4 Ca-CB ) y -
o Kie | A 132"
132 Ca-Cp Ca-CR [/ Cyl-Ca\I32Cy2-Ca
70— " V40Ca-CB  V40Cy-Ca
T T 7T LI L I I IR B T 1
180 160 60 40 20
o/ppm
>
L HE
N “1E NS
L 3 F19-134 =
£ <3 cross-peak o]
& o3 e
3 o3
HHlIHI|IH||IH\llllll\ll\‘\ll\l T T | T T T | T
140 130 120 180 160
o/ppm o/ppm

Figure 2. A—C) Carbonyl (left panel) and aliphatic (right panel) regions
of the *C-"°C 2D correlation spectra for Af,, oligomers (blue) and
fibrils (red) prepared in ammonium acetate buffer. Different amino
acids are uniformly labeled with *C and "N to give three different A,
peptides: S' (A), S? (B), and S* (C). The colors of the peak markers
correspond to the different parts of the peptide; magenta: residues 1-
9; green: residues 10-21 and 30-40; orange: residues 22-29. D) 1D
3C NMR spectra extracted from the 2D "*C-">C spectra of S’ oligomers
(blue) and fibrils (red) at 24.7 ppm. The cross-peak between the

y carbon atom of L34 and the aromatic (0/¢/C) carbon atoms of F19 is
indicated. E) Carbonyl region of the 1D sum projection (rows between
34.8-54.9 ppm) of 2D *C-"*C spectra of S? oligomers (blue) and fibrils
(red). Different conformations yielded by the y carbon atom of Asp23
are indicated by arrows.
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Figure 3. A) Schematic representation of the AB,, peptide (The color
scheme is the same as for the peak markers in Figure 2A-C). *C and
N labeled residues are circled in black. Yellow circles denote residues
with large chemical-shift differences (> £1.0 ppm) between the oligo-
mer and the fibril. B) Top panel: secondary chemical-shift plot for the
o carbon atoms (0), B carbon atoms (), and carbonyl carbon atoms
(0) of all of the structural conformers of AB,, oligomers (blue) and
fibrils (red). Predicted B-sheet (thick arrows) and random coil (thin
lines) regions are shown above the plot. Different residues of the AB,,
oligomers are highlighted as in (A). Bottom panel: chemical-shift
differences of the major conformations of oligomers and fibrils
(oligomers—Osbils) - Yellow regions correspond to differences that are
larger than 1.0 ppm (considered as strongly significant). All symbols
have the same meaning as in the top panel. Conformations with
significant populations that are observed for only one of the species
(either oligomer or fibril) are marked with asterisks (*).

tions that were observed for only one of the species (either
oligomer or fibril) are marked with asterisks (*). Secondary
chemical-shift values strongly indicate that almost all of these
residues adopt B-sheet conformations in both the oligomers
and the fibrils (Figure 3B). Some of the residues yielded
multiple sets of cross-peaks, which indicates structural
polymorphism. This is a commonly observed phenomenon
in amyloid systems.’¥ In each case, the major conformation
is the same for the oligomers and the fibrils (Figure 3B,
bottom panel). The only exception is 132, whose single
conformation in the oligomer corresponds to the minor
conformation in the fibril (I32"). Even the cross-peak between
F19 and L34, which corresponds to a significant non-local
interaction that is found in almost all fibrillar conformations
studied thus far®*1%161 a5 well in protofibrils,® is observed for
the oligomer. The unambiguous cross-peak between the
v carbon atom of 1.34 and the aromatic (&/e/C) carbon atoms
of F19 is shown in an overlay of 1D slices that were extracted
from the 2D C-"C phase-alternated recoupling irradiation
scheme (PARIS-xy; m=1, N=2, mixing time =400 ms)!"”
spectra at 24.7 ppm (blue: oligomer, red: fibril; Figure 2D).
The strong similarity of the structures in these two regions of
the peptide chain has several implications. It suggests that
a hydrophobic collapse of this region, accompanied by the
formation of the final secondary structure, is the major initial
event of fibril formation. Furthermore, the similarity also
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suggests that these oligomers are “on-pathway” intermediates
for fibril formation. Our data do not show any alpha-helical
intermediates on the pathway to fibril formation, which have
been reported in some studies.!"s! These results also imply that
this predominant early structural feature should be an
important target for the design of an effective pharmaceutical
reagent to disrupt the aggregation process. Our study explains
several observations that revealed that reagents that disrupt
fibril formation interact with these two regions.*

However, the fibrils are thought to be less toxic,'™® and
consequently one would expect the peptide conformation
(and/or the inter-peptide packing, which was not probed in
this study) to be significantly different between the fibrils and
the oligomers. Conformational differences are indeed pro-
nounced in the remaining regions of the peptide. We next
examined the turn region (residues 22-29, shaded orange in
Figure 3 A, cross-peaks marked as before, labeled at positions
D23, G25, S26, N27, and K28). The prominent feature of this
region is the intermolecular salt bridge between D23 and K28
in the fibrils.” This is also observed for the fibrils that were
obtained by incubation of in vivo seeds from AD patients.!"”
We also observed this salt bridge in fibrils grown in HEPES
buffer (confirmed by an fSREDOR experiment, data not
shown). The major peaks for the fibrils that were grown in
ammonium acetate buffer have nearly identical chemical-shift
values (Figure S2 and Table S1). However, these two residues
have significantly different conformations in the oligomers.
This is manifested in the chemical shifts of the side-chain
carbonyl carbon atom of D23 (Figure 2B, left panel; C,-C;
and C,~C, cross-peaks indicated with orange arrows; see also
Table S1). The difference is also clearly evident in the 1D sum
projection of rows between 34.8-54.9 ppm of the 2D "*C-"C
PARIS-xy spectra (m =1, N=0.5, mixing time =100 ms) for
APy oligomers (Figure 2 E; blue) and fibrils (Figure 2E; red).
The peaks that are ascribed to different conformations of the
Asp23 vy carbon atom are indicated by the arrows in Fig-
ure 2 E. Correspondingly, the intra-residue cross-peaks of K28
are also very different for the fibril and the oligomer
(Figure 2B). These findings may suggest, but do not confirm,
the absence of the salt bridge. However, recent theoretical
studies suggest that the salt bridge is present in the small
oligomers."”! The other residues in this region also show very
different cross-peaks (Figure 2B,C, and highlighted in the
yellow region of Figure 3B) with weaker peak intensities
(except for G25) and multiple conformations. These peaks
imply that this part of the oligomer is in an intermediate
structural state and yet to take up the conformations that are
observed in the protofibrils or fibrils.

Another region that shows major differences between the
oligomers and the fibrils is the N-terminal tail (residues 1-9,
highlighted in magenta in Figure 3A). This region is less
structured in the fibrils than in the hydrophobic arm region-
s,%4 although clear intra-residue cross-peaks are still
observed (Figure 2B, C, magenta arrows). In fact, the order
parameters for the N-terminal residues (which provide
a measure of structural rigidity) are as high in the protofibrils
as in the fibrils.”! In contrast, in the oligomer spectrum, the
cross-peaks observed for the labeled residues (A2, RS, and
D7) are very weak. This implies that this region is more
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flexible in the oligomers than in the fibrils. The region-wise
conformational differences are indicated in the yellow region
of Figure 3B (bottom panel).

Therefore, we conclude that the turn region (Figure 3 A,
orange) and the N-terminal region (Figure 3 A, magenta) are
yet to acquire their final structures. Interestingly, ten of the
eleven mutations in the AP protein that lead to familial
Alzheimer's disease map to these two regions of the peptide
(e.g., A2V, H6R English, D7N Tottori, D7H Taiwanese, and
A21G Flemish, E22G Arctic, E22K Italian, E22Q Dutch,
E22A Osaka, and D23N Iowa).” The mutation A2T, which
also belongs to this region, is protective.?” It is likely that
single mutations can easily affect the structure and stability of
the less structured regions, thereby strongly modifying their
toxicity. Simulation studies have indeed suggested that N-
terminal mutations can significantly alter the structural
preferences of the peptide.?!! If the conformation of the
early AP oligomers has a role to play in Alzheimer's disease,
then the key to understanding this disease will possibly lie in
the turn and the N-terminal regions of the peptide.
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