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Abstract: Oligomeric and protofibrillar aggregates formed by
the amyloid-f peptide (AB) are believed to be involved in the
pathology of Alzheimer’s disease. Central to Alzheimer
pathology is also the fact that the longer Ap,, peptide is more
prone to aggregation than the more prevalent AB,. Detailed
structural studies of Ap oligomers and protofibrils have been
impeded by aggregate heterogeneity and instability. We pre-
viously engineered a variant of Af that forms stable proto-
fibrils and here we use solid-state NMR spectroscopy and
molecular modeling to derive a structural model of these. NMR
data are consistent with packing of residues 16 to 42 of AfS
protomers into hexameric barrel-like oligomers within the
protofibril. The core of the oligomers consists of all residues of
the central and C-terminal hydrophobic regions of Af, and
hairpin loops extend from the core. The model accounts for
why Ap,, forms oligomers and protofibrils more easily than

ABao

Alzheimer’s disease (AD) is linked to the aggregation and
deposition of fibrous amyloid-f (AP) peptide into senile
plaques in the brain. However, accumulating evidence
suggests that the neurodegeneration in AD is associated
with soluble prefibrillar oligomers and protofibrils.!!. The
relative ratio of the 42-residue Ap,, to the shorter and less
aggregation prone Af,, is also important for the disease
mechanism. For instance, an increased Ay, to Af,, ratio is
associated with familial AD® and the formation of neurotoxic
aggregates in vitro is critically dependent on this ratio.”’

The AP4,:APy ratio dependent neurotoxicity can be
attributed to distinct biochemical properties and aggregation
pathways of the two peptides. APy, aggregates more rapidly
than A, and can, in particular, more easily form pentameric

or hexameric building blocks (paranuclei) that are believed to
be the constituents of protofibrils.!! There is also direct
biological evidence for the neurotoxicity of protofibrils. For
instance, A, carrying the Arctic mutation (Glu22Gly),
which is associated with familial early onset AD, forms
protofibrils at a much higher rate than wild-type AP,
Furthermore, disulfide-linked dimers of Af,, that carry an
Ser26Cys mutation and, unlike wild-type Af,,, very rapidly
form protofibrils, are potent inhibitors of hippocampal long-
term potentiation, whereas fresh non-protofibrillar prepara-
tions of this peptide are not.[

Observations of protofibrils of A by electron microsco-
py!”! and atomic force microscopy™™ were first reported almost
two decades ago. Their appearance is polymorphic and
depend on aggregation conditions and surfaces.”!'” Still,
typical protofibrils are 5 to 6 nm wide when observed by
transmission electron microscopy with negative staining!®”!
and 3 to 5nm wide when observed by atomic force
microscopy (AFM) on mica surfaces.%!*!l They are, in
general, shorter and more flexible than mature amyloid
fibrils, and they frequently appear with curly and beaded
features.

Protofibrils of wild-type AP are inherently unstable and
ultimately form amyloid fibrils. This property has impeded
detailed structural studies. We have addressed the issue of
protofibril instability by engineering a variant of A (called
Afcc) that forms oligomers and protofibrils, but cannot form
amyloid fibrils. Briefly, in APcc, alanine residues at positions
21 and 30 are replaced by cysteines, so that a disulfide bond
locks the peptide in a conformation that is incompatible with
fibril formation and aggregation and is therefore arrested at
the protofibril state.'"'?! Protofibrils formed by AP,cc are
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indistinguishable from wild-type Af,, protofibrils with
respect to many properties: size and morphology as observed
by electron microscopy and atomic force microscopy; binding
of conformation-specific antibodies and the ANS dye;
circular dichroism and infrared spectra; the ability to induce
apoptosis in neuroblastoma cell lines; and the ability to
attenuate spontaneous synaptic activity in primary neu-
rons.'?l Here we use solid-state NMR spectroscopy to
study the conformation and packing of the Af,,cc peptide in
the protofibrils.

The final step of the purification of recombinantly
produced Af,cc provides monomeric peptides in denaturing
guanidinium hydrochloride solution. Protofibrils then form
spontaneously upon renaturation in native buffer during size
exclusion chromatography or by dialysis. AFM of these
aggregates shows rod-like particles of 60-200 nm in length
and with a z height of 3.1+0.2 nm."'! The protofibrils are
very stable over time but can, for instance in the presence of
SDS, be fragmented into smaller units that appear as dimers
and trimers in SDS-PAGE.!"”

Solid-state NMR experiments were performed on lyophi-
lized and rehydrated Af,,cc protofibril samples. Resonances
appear with the same chemical shifts in an NMR spectrum of
a sample prepared by sedimentation (see the Supporting
Information, Figure S1). *C-"*C correlation spectra of
a sample of uniformly “C,’N-labeled peptide (Figure 1a)
show well-separated "*C resonances with line widths of 1.0 to
1.5 ppm, indicating the presence of well-defined structural
elements. Furthermore, only one set of resonances is
observed, indicating that Af,,cc adopts a single conformation
in the protofibrils.

The C-"N correlation spectrum displays a number of
distinguishing sharp resonances (Figure S2). These were
assigned to a C-terminal fragment of the peptide. 97 % of
the °C and "N resonances of residues 31-42 were assigned
(Table S1) and secondary chemical shifts indicate extended -
strand conformation of this fragment (Figure 1b). Partial
assignments (52 % of all *C and °N atoms; Table S1) of the
segment between residues 15 and 30 were aided by the use of
two synthetic peptide samples with uniform “C- and “N-
labeling of selected residues (see the Supporting Information,
Figure S1).

Secondary chemical shifts suggest that residues 17-20 also
adopt a p-strand conformation, while the region around
residues 25 and 26 has a less defined secondary structure
(Figure 1b). In addition, connectivities between one or more
phenylalanine (Phel9 and/or Phe20) and isoleucine (Ile31,
Tle32 and/or Tle41) side chains in *C-"C correlation spectra
(Figure S3) are in agreement with a 3-hairpin conformation of
the two f strands.

A second NMR sample of recombinant protofibrils was
produced from a 1:1 mixture of "N- and *C-labeled peptides.
This sample was used to record “C- N PAIN (proton-
assisted insensitive nuclei cross polarization) correlation
data™ to detect intermolecular NMR connectivities. The
majority of the correlations in the PAIN spectrum were
assigned as connectivities between C-terminal residues (Fig-
ure 1c, Figure S3, and Table S2).
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Hence, the NMR data support the presence of a (3 hairpin
and a C-terminal 3 strand in AP cc protomers, and protomer
packing involving interactions between nonpolar residues in
the central and C-terminal peptide fragments. We used NMR
data and the Rosetta molecular modeling softwarel' to
model the topology and packing of Ap,,cc (residues 15-42) in
protofibrils at two independent levels. First, we modeled the
conformation of single peptide protomers using NMR
chemical shifts and restraints based on intramolecular con-
nectivities (Table S3) and, second, we included intermolecu-
lar NMR restraints (Table S2) to model an oligomeric
building block of the protofibrils.

The protomer model is shown in Figure S4. The topology
involves three f§ strands with connecting turns. Residues 16—
36 adopt a (3 hairpin conformation and residues 39-41 at the
C terminus form a third shorter f strand following a turn
involving residues 37-38. Similar conformations of the
Cterminus have been observed in molecular dynamics
simulations, and they have been suggested to constitute an
important conformational difference between Af, and
AP, The turn at positions 37 and 38 is also present in an
Ay fibril morphology derived from amyloid in an AD
brain."!

Next, we modeled the quaternary structure of protofibrils
using also intermolecular NMR restraints (Table S2). The
protomer structure calculated earlier was not fixed in this
modeling. The models were further assumed to be symmetric,
because a single set of NMR resonances (see above) indicates
a single protomer conformation with identical packing of all
protomers. While attempts to build dimers, trimers, or
extended fibril-like models were unsuccessful, we found that
hexamer models were consistent with the experimental data.
It is possible that barrel models with other stoichiometries are
also consistent with our NMR data. However, evidence from
other experiments also support a hexameric stoichiometry.
For instance, chemical cross-linking has previously been used
to show that pentameric and/or hexameric assemblies (so-
called paranuclei) precede the aggregation of AP, (but not
AB,) into protofibrils.! Moreover, ion mobility mass spec-
trometry suggests that AP, forms both hexamers and
dodecamers, but not octamers.!'’) Hexameric building blocks
in APgcc protofibrils are also in agreement with AFM data
(see the Supporting Information for details).

Our final hexamer model is shown in Figure 2. It is
a barrel with six-fold cylindrical symmetry in which protomers
pack to form a large common hydrophobic core at one end of
the barrel. The core involves all nonpolar residues of the
hydrophobic C terminus and parts of the side chains in the
central KLVFF motif. The f hairpin loops then extend from
the core to form the other end of the barrel. Interestingly, the
topology allows the short C-terminal (3 strand to interact with
residues 34-36 in the adjacent protomer (Figure 2¢). Several
facts support this model: 1) it is consistent with experimental
data (with no restraint violation larger than 0.7 A and a root-
mean-square (r.m.s.) restraint violation of 0.14 A); 2) the
Rosetta score is favorable (—113; distance restraints not
included), thus indicating that this is a physically reasonable
model; 3) the approximately 40% extended strand confor-
mation of the backbone is consistent with the circular
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Figure 1. Solid-state NMR data of AB,,cc protofibrils. a) *C—">C DARR (dipolar-assisted rotational resonance) correlation spectrum of uniformly
B3C,"”N-labeled protofibrils recorded with 50 ms mixing time. Coloring of assignments reflects different categories of amino acid residues;
assignments in black indicate inter-residue correlations. b) Secondary Ca. (grey) and CB (red) chemical shifts® in the fragment 15-42. The
positions of § strands in the final hexamer model are indicated. c) *C-"°N PAIN correlation NMR spectrum of protofibrils prepared from a 1:1
mixture of *C- and "*N-labeled AB,,cc. The final assignments are indicated. Correlations that are unique to AB,,cc protofibrils and incompatible
with the structures of AR amyloid fibrils are shown in purple (see the Supporting Information and Table S4).

dichroism spectrum of B-sheet oligomers of AP,cc;™? and
4) the length and outer diameter of the barrel (2.7 to 3.3 nm)
is in agreement with the AFM z height!" (though residues 1—
14 are not accounted for in the model, and are perhaps also
not visible in AFM).
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The hexamer barrel that we propose accounts for several
biochemical observations of A} aggregation. Most important,
the C-terminal Ile41 and Ala42 are part of the hydrophobic
core and therefore most likely act to stabilize the barrel
(Figure 2c¢). This would account for more rapid aggregation of
ABy, compared to APy and also explain why APy
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Figure 2. Models of hexameric AB,,cc building blocks of protofibrils. a) Superposition of the ten models with the lowest Rosetta scores (residues
1-14 were not included in the modeling; all-atom r.m.s. deviation=1.31 A). b) Dimensions of the hexamer barrel with the loop and core regions
indicated. Side chains of the hydrophobic core (those with the largest change in accessible surface area upon hexamer formation) are shown as

spheres. The image to the right is rotated by 90° relative to the left image. c) Simplified representation of the hexamer topology. The numbers
refer to the residue positions in the orange protomer. d) The backbone and side chains of the C-terminal residues Ile41 and Ala42 (orange
spheres) are packed into the hydrophobic core of the hexamer. e) Asp23-Lys28 salt bridge.

assembles into different aggregate intermediates and forms
protofibrils less easily.! Furthermore, we find that the Asp23
and Lys28 side chains form an intraprotomer salt bridge that
stabilizes the hairpin loops (Figure 2¢). This interaction was
previously postulated to nucleate AR monomer folding,"
and Af, with Asp23 and Lys28 linked by a lactam bridge
aggregates very rapidly.”” We also note that the proposed
architecture of preglobulomers of Af agrees very well with
our model.”!! Finally, the face-to-face packing of § hairpins is

b)

disordered

p hairpin

consistent with the model for the seeding of amyloid fibril
formation that was suggested in Ref. [22] (Figures 3 and S5).

We compared NMR chemical shifts of Af,,cc protofibrils
with those of antibody-stabilized protofibrils of Af,
(Ref. [23]) and smaller oligomers of wild-type APy,
(Ref. [24]). Correlation plots indicate that these three aggre-
gates share structural similarities that are larger than their
similarities to, for instance, AD-brain-derived amyloid
fibrils"® of AP, (Figure S6). In particular, it appears that

oligomers and protofibrils fibril

Figure 3. Relation between the AB,,cc hexamer model and the AB aggregation mechanism proposed by Hoyer et al.?? a) Hexamer barrel oligomer
of AP,,cc in which nonpolar side chains on the two faces of the (-hairpin protomers have been colored yellow and orange, respectively, as in

Ref. [22]. Protomer packing involves interactions between yellow side chains on one protomer with orange side chains on a neighboring protomer.
b) Schematic of an aggregation mechanism that involves the (3 hairpin as a transient conformation sampled by monomeric Af} and as

a constituent of AP oligomers and protofibrils. Hydrophobic stacking of (3 hairpins in the hexamer barrel is illustrated schematically. A concerted
conformational transition establishes a fibril seed with in-register parallel 3 sheets. This “Ventian blind” conformational change involves a rotation
of hairpin § strands by 90°, so that (orange) side chains previously on one face of the {3 hairpin now form the hydrophobic core of the fibril
seed.” The conformational change is inhibited by the double cystein mutation in AB,,cc, which is why aggregation is halted and AB,,cc forms

stable protofibrils."? A more detailed illustration is provided in Figure S5.
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the conformation of residues 31 to 42 that we observe in
protofibrils is present already in smaller Af,, oligomers. The
most important difference between Af,cc and A, proto-
fibrils is the C-terminal f§ strand in Af,,cc. This conformation
is presumably not supported in Af,, protofibrils because of
a lack of stabilizing interactions at positions 41 and 42, as
discussed above.

Ion mobility mass spectrometry detected the formation of
APy, hexamers and dodecamers, but not 18-mers.'"”) Our
model explains this observation, because the hexamer model
is asymmetric. We explored three potential ways to assemble
hexamer barrels into protofibrils: core-to-core, loop-to-loop,
and core-to-loop (Figure S7). All three interfaces appear
reasonable with the loop-to-loop interface as the best with
around 1400 A? hidden surface area and a shape complemen-
tarity score® of 0.83. It might therefore be the interface of
the dodecamers observed by mass spectrometry. If this is the
case, this interface must be combined with the core-to-core
interface to build extended protofibrils (Figure S7). Interest-
ingly, at the loop-to-loop interface Ser26 of neighboring
protomers are in close proximity (3.1 A between the Oy
atoms; Figure S7), which would explain why disulfide-linked
dimers formed by Af,, with a Ser26Cys mutation very easily
form toxic protofibrils.”! The present data does not allow
a distinction of packing modes, but it nevertheless establishes
oligomeric peptide barrels as likely building blocks in the
higher-order assembly of Af} protofibrils.
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