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ABSTRACT: Two distinct diseases are associated with the deposition Ve Yo
of fibrillar amyloid- (Af) peptides in the human brain in an age- fﬁﬁ%ﬁ”
dependent fashion. Alzheimer’s disease is primarily associated with valéo
parenchymal plaque deposition of Af42, while cerebral amyloid cﬁ -

angiopathy (CAA) is associated with amyloid formation of predom- 28 - . A

inantly A$40 in the cerebral vasculature. In addition, familial mutations Va::”%zmw ‘ ‘

at positions 22 and 23 of the Af sequence can enhance vascular & (Ll T Fibrl axs
deposition in the two major subtypes of CAA. The E22Q (Dutch) R VI S e s
mutation is associated with CAA type 2, while the D23N (Iowa) ¢ wgi S
mutation is associated with CAA type 1. Here we investigate differences A - d y
in the formation and structure of fibrils of these mutant Af peptides in \

Fibril axis

vitro to gain insights into their biochemical and physiological differences
in the brain. Using Fourier transform infrared and nuclear magnetic
resonance spectroscopy, we measure the relative propensities of Af40-Dutch and Af40-Iowa to form antiparallel structure and
compare these propensities to those of the wild-type AB40 and Ap42 isoforms. We find that both A$40-Dutch and Af40-Iowa have
strong propensities to form antiparallel #-hairpins in the first step of the fibrillization process. However, there is a marked difference
in the ability of these peptides to form elongated antiparallel structures. Importantly, we find marked differences in the stability of the
protofibril or fibril states formed by the four Af peptides. We discuss these differences with respect to the mechanisms of Af fibril
formation in CAA.

he amyloid-f (Af) peptides associated with Alzheimer’s CAA can be differentiated into two distinct subtypes on the
disease (AD) are generated by proteolytic cleavage of the basis of the type of blood vessels affected.'* Type 1, or capillary
transmembrane region of the amyloid precursor protein.' The CAA, is predominantly characterized by amyloid deposition in
peptides vary in length from ~38 to S0 amino acids; however, cortical capillaries but may also be associated with deposits in

nearly 90% are Af340 (40 residues in length), while S—10% are other blood vessels. Conversely, CAA type 2 is most
AB42 (42 residues in length).” Senile plaques with a typical

cored morphology in AD patients appear to be composed
primarily of the longer Af342 peptide.”* Early onset AD is
correlated with an increase in the Af42/Af40 ratio that can
arise due to widely dispersed mutations in presenilin or
mutations near the A coding region within the amyloid

prominent in large cerebral vessels and has a lower propensity
to form in or near cortical capillaries. Capillary deposits present
in CAA type 1 appear to have enhanced levels of AB42 relative
to those of AB40."°~'® This type of CAA generally occurs in
conjunction with AD pathology'” and often leads to a robust

precursor protein.® perivascular neuroinflammatory response that is largely absent

The ApP40 peptide, however, is strongly associated with a o
second disease, cerebral amyloid angiopathy (CAA).® CAA is CAA type 2 are enriched in Af40.”°" " Typically, CAA type 2
characterized by amyloid deposition in and around cerebral

in CAA type 2."°7*' In contrast, the large vascular deposits in

blood vessels.”'* The progressive accumulation of vascular Received: December 6, 2021
amyloid leads to loss of blood vessel wall integrity and in Revised:  March 22, 2022
severe cases intracranial hemorrhage. Parenchymal and Published: June 6, 2022

vascular deposits are often observed together in aging
'L12 However, CAA can occur in the absence of

individuals.
AD."”
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cases lack the parenchymal amyloid plaques and neurofibrillary
tau pathology that are key features of AD.**™*°

The two types of CAA are best distinguished by the
pathology resulting from different familial mutations in the
amyloid precursor protein. The Ap40-Iowa mutation
(D23N)*7** is associated with CAA type 1, whereas the
Ap40-Dutch mutation (E22Q), the first familial CAA mutation
to be described, is characteristic of CAA type 2°”*° (Figure 1).

lowa CAA

Dutch CAA

Figure 1. Comparison of cerebral vascular amyloid deposition in
familial Dutch and Iowa CAA cases. Confocal images of cortical brain
sections from Dutch (left) and Iowa (right) familial CAA patients.
Cortical samples were immunolabeled for collagen type IV to identify
cerebral blood vessels (red) and stained with thioflavin S to identify
fibrillar amyloid deposits (green). The E22Q_(Dutch) and D23N
(Iowa) mutations both lead to enhanced vascular amyloid deposition
and CAA. In the Dutch form of CAA, amyloid primarily accumulates
in larger blood vessels (CAA type 2). The left panel shows a cross
section through several large blood vessels (arrows) where there is
substantial deposition in the walls of the blood vessels. In the Iowa
form of CAA, amyloid deposition occurs in capillaries and
microvessels (CAA type 1) in the brain. The right panel shows
cross sections through several microvessels (arrows). Scale bars are S0

um.

The factors or mechanisms involved in these specific
deposition patterns are not known. Notably, the AS40-Dutch
and Af40-Iowa mutations occur on neighboring residues in the
middle of the Af sequence. Both substitute a negatively
charged amino acid for a neutral amine, and both exhibit
fibrillization kinetics that are faster than those of Af40-WT.
The observation that two very similar mutations on
neighboring residues lead to distinct deposition patterns
provides a clue for establishing the potential factors
distinguishing CAA type 1 and type 2.

Preferential binding of an antibody’' and a dye®” to vascular
amyloid compared to parenchymal amyloid strongly suggests
that there is a structural difference between CAA- and AD-
specific A fibrils. In solution, the AB40-WT and AB42-WT
peptides have been found to form fibrils with a parallel, in-
register orientation of the individual p-strands.>* % In
contrast, the Af40-Iowa mutant has the capability to adopt
distinct antiparallel fibrils under quiescent solution condi-
tions.”” These fibrils are unusual in having only a single layer of
Ap molecules along the fibril axis and exhibit a curvilinear
morphology reminiscent of short worm-like protofibrils (see
Figures S1 and S2). These structures are metastable and can be
converted to parallel, in-register fibrils by sonication®® or
strong agitation.39 Less is known about the structure of the
Ap40-Dutch mutant. However, similar to the D23N Iowa
mutation, the E22K Italian mutation is correlated with
enhanced CAA progression’ and is associated with antiparallel
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fibrils under quiescent solution conditions.”' More recently,
antiparallel f-structure has been found to occur in vascular

42,43
"> and human

amyloid deposits in transgenic rodent brain
brain diagnosed with sporadic CAA™ Together, these results
suggest the mechanisms that guide the assembly and stability
of Ap fibrils in solution may play a role in the formation of
vascular amyloid in the brain.

Early aggregation kinetics, formation of A with antiparallel
P-structure, and protofibril or fibril stability are all potential
factors that may influence vascular deposition of Af40-Dutch
and Ap40-Iowa. Comparisons are made with AB40-WT and
Ap42-WT for which the in vitro fibrillization mechanisms and
fibril structures have been extensively characterized. In our
studies, monomeric Af is first formed at 4 °C, and the
fibrillization process is followed at ~25 and 37 °C. The
substitutions of a charged residue with a neutral amine in the
E22Q and D23N mutants strongly suggest that both
electrostatic and hydrophobic interactions influence the folding
of Ap and its association into vascular amyloid. The higher
temperature favors hydrophobic interactions and parallel, in-
register Af fibril structures, while the lower temperatures favor
electrostatic interactions and potentially antiparallel protofibril
or fibril assembly. The comparisons with Ap40-WT and Ap42-
WT are also relevant because Af40-Dutch and AB40-WT are
preferentially associated with CAA type 2 while Af40-Iowa
and Ap42-WT are preferentially associated with CAA type
1.">* For example, patients with the AB40-Dutch mutation
have lower levels of AB42 compared to those of patients with
AD.*® Together, the comparison of the solution properties of
the A peptides may provide insights into differences between
CAA type 1 and CAA type 2.

Structural studies are undertaken here using Fourier
transform infrared (FTIR) spectroscopy and both solution
and solid-state nuclear magnetic resonance (NMR) spectros-
copy. The FTIR measurements focus on the amide I vibration
using a *C labeling scheme that is sensitive to antiparallel /3-
structure.”” The solution NMR studies probe the stability of
early intermediates in fibril formation, while solid-state NMR
measurements make use of specific intermolecular dipolar
couplings to measure the formation of parallel, in-register fibril
structures.””** Soluble oligomers and protofibrils having
nonfibrillar and fibrillar antiparallel structures have been
associated with cellular toxicity, and it has been a challenge
to discriminate between these different forms.**

In comparison to the AB40-WT peptide, the AB40-Dutch
and Af40-Iowa mutant peptides are both found to have strong
propensities to form antiparallel f-hairpins in the first step of
the fibrillization process. However, there is a marked difference
in the ability of these peptides to form elongated antiparallel S-
sheet structures. We find that Af40-Iowa has the strongest
propensity to rapidly associate into antiparallel fibrils that are
stable for weeks at 37 °C under low-ionic strength conditions
and in the absence of strong agitation or sonication. These
fibrils have a curvilinear morphology and only a single layer of
the Af peptide (see Figure S1). In contrast, under the same
experimental conditions, Af40-Dutch forms parallel, in-register
fibrils. We discuss the similarities and differences between
these peptides and how their solution properties provide
insights into amyloid deposition and fibril structure in the
human brain.
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B EXPERIMENTAL SECTION

Peptide Synthesis and Sample Preparation. Af
peptides were synthesized using tBOC chemistry (ERI-
Amyloid, Waterbury, CT) and purified by high-performance
liquid chromatography. The mass of the purified peptide was
measured using matrix-assisted laser desorption or electrospray
ionization mass spectrometry and was consistent with the
calculated mass of the peptide. On the basis of analytical
reverse-phase high-performance liquid chromatography and
mass spectrometry, the purity of the peptides was 95—99%.

The monomeric Af peptide was prepared by first dissolving
purified peptides in hexafluoro-2-propanol (HFIP) and freeze-
drying under a vacuum of 2—6 mTorr for 2 days. Lyophilized
Ap peptides were then dissolved in 100 uL of 50 mM NaOH
per milligram of Af for 1 h, followed by dilution in 10 mM
sodium phosphate buffer (pH 7.2—7.4) at 4 °C to a
concentration of 100 yM. The pH and sodium phosphate
buffer were selected to reflect physiological conditions. Two
different concentrations of NaCl were used, 0 and 10 mM. The
studies of Tycko and co-workers’” showing that Af40-Iowa
forms single-layer antiparallel fibrils were undertaken in the
absence of NaCl, which favors electrostatic interactions and is
perhaps a better mimic of the vascular membrane environment
where Af40-Iowa exhibits enhanced deposition. One of the
aims of this study was to investigate whether the Af40-Dutch
peptide, which has a very similar mutation, has a similar
propensity to form this unusual conformation. The addition of
10 mM NaCl serves to dampen electrostatic interactions and
test whether these interactions dominate the structural
transitions in the formation of Af40-Dutch and Af40-Iowa
fibrils.

The solution was then filtered with 0.2 ym filters before use.
In all cases, the samples were incubated with relatively slow
(100 rpm) orbital shaking, except for the HSQC experiments
and associated TEM measurements, which were carried out
under quiescent conditions. Strong shaking or agitation is
nonphysiological, while gentle shaking may better resemble the
hydrodynamic flow created by the blood flow in the brain.*’
Strong shaking (>200 rpm) can have a dramatic influence on
the morphology of fibrils formed. For example, a recent cryo-
electron microscopy (cryo-EM) study of tau fibrils in AD
found that the structure of the brain-derived tau fibril could be
reproduced in vitro only with slow shaking.”® For both AB40-
Dutch and Af40-Iowa, we have shown that strong shaking
leads to formation of parallel, in-register fibrils. In a similar
fashion, sonication is avoided due to local heating of the
sample, which leads to rapid nucleation and elongation of the
Ap peptides. We have shown for AB40-WT, which takes days
to form fibrils under slow shaking conditions at 25 °C, that
sonication can drive fibril formation in a few hours.**

FTIR Spectroscopy. FTIR measurements were taken with
a Bruker Vertex 70v spectrometer with a room-temperature
detector and attenuated total reflectance (ATR) accessory.
Samples were layered on a 2 mm germanium ATR plate (Pike
Technologies) by drying S0 uL of the peptide sample on the
plate surface with a stream of air. The spectral resolution was 4
cm™". The final spectra were normalized to the intensity of the
amide II absorbance band, which is proportional to the peptide
content.

Size Exclusion Chromatography. First, 200 uL of the
prepared 100 M Af samples was injected into an AKTA Pure
2SL FPLC device with a Superdex 200 Increase 10/300 GL
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column (GE Healthcare) having a molecular weight (MW)
range of 3—600 kDa. A flow rate of 0.3 mL/min was used, and
the ultraviolet absorbance was recorded at 280 nm. The
molecular mass for this column was calibrated by using the
following proteins and/or molecules under the same separation
conditions: aldolase (MW = 158 kDa), conalbumin (MW = 75
kDa), ovalbumin (MW = 44 kDa), carbonic anhydrase (MW =
29 kDa), RNase A (MW = 13.7 kDa), and aprotinin (MW =
6.5 kDa). The samples for SEC analysis were incubated at
either room temperature or 37 °C with 100 rpm shaking and
then injected onto the column kept at room temperature.

Transmission Electron Microscopy. Samples were
diluted, deposited onto carbon-coated copper mesh grids,
and negatively stained with 2% (w/v) uranyl formate. The
excess stain was wicked away, and the sample grids were
allowed to air-dry. The samples were viewed with a JEOL JEM-
2100 instrument with a LaB6 filament running at 80 kV, and
digital images were taken with an Advanced Microscopy
Technique camera.

Atomic Force Microscopy. AFM images were obtained
using a MultiMode microscope (Digital Instruments, Santa
Barbara, CA) with a custom-built controller (LifeAFM, Port
Jefferson, NY) that allows one low-force contact (30—50 pN)
of the AFM tip to the sample surface per pixel. The single-
touch approach is rapid and allows one to image a 1 ym X 1
pum field in ~4 min. The AFM operation is embedded in a
computer program that provides subangstrom linear control of
the cantilever base and tip position, including programmed
contact and programmed separation of the tip by a magnetic
force ramp. Supersharp silicon probes with a tip width of
typically 3—5 nm (at a height of 2 nm) were modified for
magnetic retraction by attachment of samarium cobalt
particles. Samples for AFM were diluted to a concentration
of 0.5 uM, deposited onto freshly cleaved ruby mica (S & J
Trading, Glen Oaks, NY), and imaged under hydrated
conditions.

Solid-State NMR Spectroscopy. Solid-state NMR experi-
ments were performed at a '>C frequency of 125 or 150 MHz
on a Bruker AVANCE spectrometer using a 4 mm MAS probe.
The MAS spinning rate was set to 10—12 kHz (+S Hz)
depending on the labeling scheme of each given sample such
that possible cross-peaks do not overlap with spinning
sidebands and/or folded/aliased resonances in the two-
dimensional (2D) experiments. Internuclear *C--'3C distance
constraints were assessed from the presence and intensity of
cross-peaks obtained in 2D dipolar-assisted rotational reso-
nance (DARR) NMR experiments.51 In these experiments, the
initial "*C magnetization is generated by a ramped amplitude
cross-polarization sequence with a contact time of 2 ms. The
evolution under proton decoupling is followed by a single
nonselective 90° pulse to store the chemical shift-encoded *C
magnetization along the Z axis. Mixing occurs along this axis
under a proton decoupling field strength (measured in hertz)
equal to the spinning speed of the sample for a duration of 600
ms. This low-field decoupling results in the broadening of the
13C resonances, allowing energy exchange through a rotational
resonance effect. A second nonselective 90° pulse generates the
observable magnetization, recorded during t2. Two-pulse
phase-modulated decoupling was used during the evolution
and acquisition periods with a radiofrequency field strength of
~80 kHz.

For the solid-state NMR experiments, the A peptides were
labeled with unique amino acids at specific positions in the

https://doi.org/10.1021/acs.biochem.1c00781
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Figure 2. Size exclusion chromatography of A$40-WT, AB42-WT, Af40-Dutch, and Ap40-Iowa. Size exclusion chromatograms are shown for the
Ap peptides incubated at (A—D) ~2S and (E—H) 37 °C as a function of incubation time. Generally, these peptides elute in two major fractions.
The first fraction at ~8 mL contains protofibrils, while the second fraction at ~17 mL contains monomers and oligomers. Stable fibrils are excluded
from entering the SEC column. The samples were prepared at 4—6 °C at time zero and immediately injected into the SEC column, which was at

room temperature.

sequence chosen for their non-overlapping chemical shifts and
their potential as probes of specific structural features. The
assignments can be made readily on the basis of the known
chemical shifts, either directly in the one-dimensional spectrum
or by using the position of the resulting '*C—">C cross-peaks in
the 2D experiments.

All BC solid-state MAS NMR spectra were externally
referenced to the "*C resonance of neat tetramethylsilane at 0
ppm at room temperature. Using tetramethylsilane as the
external reference, we calibrated the carbonyl resonance of
solid glycine at 176.46 ppm. The chemical shift difference
between *C of DSS in D,O relative to neat tetramethylsilane
is 2.01 ppm.

Solution-State NMR Spectroscopy. Solution-state NMR
experiments were performed at a 'H frequency of 850 MHz on
a Bruker AVANCE spectrometer. The 100 uM samples of
AP4A0-WT, APp42-WT, Ap40-lowa, and AP40-Dutch containing
5N labels at Gly9, Gly29, Gly33, and Gly37 were prepared as
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described above. Then, 10% (v/v) deuterated water was added
to all samples to lock the B, field. An initial spectrum was taken
at 4 °C and was used as a reference for 100% monomer. The
temperature was subsequently increased to either 25 or 37 °C,
and another spectrum was collected. The samples were then
incubated at the higher temperature under quiescent
conditions. For further readings at 3, 24, and 48 h, the sample
temperature was decreased to 4 °C and a spectrum was
acquired. Immediately afterward, the temperature was
increased and another spectrum acquired. Each "N HSQC
spectrum contains eight scans. Peak volumes were extracted at
each time point and normalized to the time zero peak
intensities. Normalized values were averaged across all four °N
labels; error bars represent the standard deviation.
Histology. Fresh frozen autopsy cortical tissue samples
from familial Dutch and Iowa CAA cases were provided by S.
van Duinen (Department of Pathology, Leiden University
Medical Center, Leiden, The Netherlands) and M. Frosch
[Director, Massachusetts Alzheimer’s Disease Research Center

https://doi.org/10.1021/acs.biochem.1c00781
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Figure 3. Solution NMR analysis of fibril formation of Ap40-WT, Ap42-WT, A40-Dutch, and Af40-Iowa. Influence of temperature cycling on the
"H—'SN HSQC resonances of the four A} peptides. The temperature was cycled between 4 °C and either (A) 25 or (B) 37 °C. The intensity of the
'"H—'SN HSQC NMR resonances was measured at 4 °C immediately after preparation and filtering of the Aff samples at this temperature. Peak
volumes were extracted at each time point and normalized to the time zero peak intensities. Normalized values were averaged across all four *N
labels; error bars represent the standard deviation. Aggregation of monomeric A into oligomers, protofibrils, and fibrils as the samples are
incubated at higher temperature results in the loss of NMR intensity. Incubation for the HSQC experiments was performed under quiescent
conditions. (C—J) TEM images of fibril formation of A$40-WT, Ap42-WT, Af40-Dutch, and Ap40-Iowa. TEM micrographs of AB40-WT, Af42-
WT, AB40-Dutch, and AB40-lowa are shown after incubation for 24 h at (C—F) 25 and (G—J) 37 °C. The TEM samples were prepared from the

samples used in the NMR analysis. Scale bars are 50 nm.

(PSO AG005134), Charlestown, MA], respectively. Each brain
sample was confirmed to possess the Dutch or Iowa familial
CAA mutation in the amyloid precursor protein by genotyping
and by neuropathological analysis. Tissue samples were
embedded in OCT compound (Sakura Finetek Inc., Torrance,
CA). Sections were cut at a 12 gm thickness from frozen brains
using a Leica CM1900 cryostat (Leica Microsystems Inc.,
Bannockburn, IL) and then mounted on Colorfrost/Plus slides
(Fisher Scientific, Houston, TX). The primary rabbit
polyclonal antibody to collagen type IV was used to visualize
cerebral microvessels (1:100; ThermoFisher, Rockford, IL).
The primary antibody was detected with the Alexa Fluor 594-
conjugated donkey anti-rabbit secondary antibody (1:1000).
Staining for fibrillar amyloid was performed using thioflavin S.
Images of the brain sections were collected using a Keyence
BZ-X710 microscope (Keyence Corp., Itasca, IL).

B RESULTS

Ap40-lowa and Ap40-Dutch Rapidly Form Fibrils via
Protofibril Intermediates. One of the distinguishing features
of familial mutants of the Ap peptides is their rapid
fibrillization rates compared to those of the wild-type
sequences.” >’ In addition to the specific amino acid sequence,
the rate and mechanism of Af fibril formation are known to be
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dependent on several additional factors, including temperature
and concentration. The experiments described below were
undertaken at a single concentration (100 #M) and at ~25 or
37 °C. These temperatures are often used for in vitro studies of
Ap fibrillization. For example, nuclear conformational con-
version via oligomeric intermediates is favored for Af42-WT at
37 °C, while fibril formation via nucleated polymerization can
occur at lower temperatures and at higher monomeric
concentrations.”® A third variable that has a strong influence
on the rate and mechanism of fibril formation is agitation of
the sample.”* Strong agitation favors the formation of laterally
associated fibrils, while quiescent conditions or slow agitation
leads to twisted fibrils composed of two or more protofila-
ments.”* Here, we rotated the samples at 100 rpm during
incubation, a rate that is not strong enough to form laterally
associated fibrils.

There are several methods for following the time course of
Ap fibrillization. These include thioflavin T fluorescence
spectroscopy, light scattering, and size exclusion chromatog-
raphy (SEC). SEC has the advantage of being able to
distinguish monomers and small oligomers from protofibrils
and fibrils at different time points during the fibrillization time
course. On the basis of SEC measurements and cross-linking
studies, Bitan and co-workers found that A#40-WT and Afp42-
WT fibrils form via different oligomeric intermediates.”* High-
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molecular weight oligomers of AS42-WT (pentamers to
dodecamers) rapidly aggregate to form protofibrils,"® whereas
the aggregation of A$40-WT at comparable concentrations and
temperatures only slowly gives rise to fibrils via dimer, trimer,
and tetramer intermediates.>*

The comparison of AB40-WT and AB42-WT shown in
Figure 2 mirrors the conclusions from previous SEC
studies.">>* In the SEC profile of A42-WT, monomers and
oligomers (at least up to dodecamers) elute in the broad band
at 17 mL at both 25 and 37 °C** (Figure 2B,F). This band is
attributed predominantly to oligomers due to a rapid
conversion of monomers to oligomers48 (see Figure 3). The
bands stretching from 8 to 11 mL are attributed to protofibrils
(Figure 2B). Protofibrils are formed by the lateral association
of oligomers and can have a range of sizes from ~200 to >600
kDa, corresponding to the molecular weight cutoft of the SEC
column used (Figure S1). As the protofibrils undergo the
transition into f-sheet fibrils, they are excluded from the SEC
column.>

In contrast to AP42-WT, AP40-WT exhibits markedly
different SEC elution profiles (Figure 2A,E) over the time
and temperature ranges that were measured. Higher
concentrations and higher tem4peratures lead to the formation
of oligomers and protofibrils. 8 At both 25 and 37 °C, the
peptide results in a single elution band at ~17 mL, although
replicate experiments can yield a small protofibril peak.

The SEC measurements of Af40-WT and Af42-WT
provide a baseline for comparison of Af40-Dutch and Af40-
Iowa (Figure 2C,D). For these mutant Af40 peptides, the rate
of transition from monomers and small oligomers to fibrils is
notably impacted by temperature and increases at 37 °C
compared to 25 °C. Under both conditions and for both
mutants, the monomer/oligomer peak is largely absent at 48 h,
consistent with the rapid rate of fibril formation. Both familial
Af mutants exhibit protofibril intermediates (Figure S2).
However, the concentration of protofibrils is small compared
to that of AB42-WT where the protofibril intermediates are
clearly in the pathway between oligomers and fibrils. SEC
measurements on the E22G Af40-Arctic peptide (data not
shown) also exhibit protofibril peaks resembling the A§42-WT
traces similar to what has been observed previously.”**’

Stability of Protofibrils and Fibrils Formed by
Different Af Peptides. Monomeric Af is favored at low
temperatures.”® At temperatures between 4 and 10 °C and at a
concentration of 60 yM, monomeric A40-WT remains stable
for weeks.”® For Af42-WT, monomeric Af more aggressively
aggregates to form oligomers and protofibrils as the temper-
ature is increased (see, for example, Figure 2). To explore
potential differences in the intrinsic solution properties of
AP40-WT, AP42-WT, ApP40-lowa, and AP40-Dutch, we
followed the influence of temperature on monomeric Af
using temperature-cycling solution NMR spectroscopy.” In
these experiments, monomers of the A peptides exhibit sharp
"H-"N resonances in 2D heteronuclear single-quantum
correlation (HSQC) NMR spectra.®® For both AB40-WT
and Ap42-WT, as the sample temperature is increased, the
resonances broaden and intensity is lost."® The broadening
may result from a shift of the monomers to higher-MW species
or may be due to conformational changes in the protein.

For Ap42-WT, we have previously shown by cycling the
temperature from 25 or 37 °C back to 4 °C that the protofibril
peaks in the SEC chromatograms will shift back to monomers
or small oligomers.”® (In these studies;, NMR diffusion
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measurements showed that the low-temperature form of
ApP42-WT was closer to a monomer or dimer than a hexamer.)
We interpret the ability to shift back to the monomer—dimer
state as a function of oligomer or protofibril stability. As
intermolecular f-sheet structure forms in the transition of
Ap42-WT protofibrils to fibrils, decreasing the temperature is
less effective in disaggregating AB42-WT.*® Note that in these
experiments we typically only cycle the temperature back to 4
°C for ~30 min. As a result, the extent of disaggregation is
actually a function of the rate of disaggregation (i.e., kinetics),
which is slowed as cross f-sheet fibrils form.**

For Ap40, the loss of intensity due to an increase in
temperature has been associated with f-hairpin formation with
a turn between Asp23 and Ala30.°” This interpretation is
consistent with the SEC profiles of Af40 shown in Figure 3,
where only a single band comprised of monomers and small
oligomers is observed. Cross-linking studies of Af40 reveal
that the predominant oligomers are dimers, trimers, and
tetramers in rapid equilibrium.”*

For our studies here, we focused on the glycine resonances
that are easily assigned in the HSQC spectrum and have been
shown to be the most sensitive to temperature changes.’” In
the monomeric Af peptides prepared at 4 °C, these resonances
are intense. Increasing the temperature to 25 °C leads to a
rapid loss of intensity in all four peptides (Figure 3A). The
largest intensity changes are for A40-WT and Ap40-Dutch.

Recooling the samples after incubation for 3 h recovers most
of the intensity for all peptides. The HSQC intensity continues
to decrease after incubation for 24 and 48 h at 25 °C. Cooling
after incubation for 24 h to 4 °C results in almost complete
return of the intensity for AB40-WT and Ap40-Dutch, and
~50% intensity for A#40-Iowa and AP42-WT. After 48 h, the
intensity for Af42-WT and Af40-Iowa does not return upon
recooling. Unlike A$40-WT, the Af40-Dutch and Ap40-Iowa
peptides aggregate rapidly over the 48 h time course of this
experiment and the loss of intensity likely reflects this
aggregation process. Below we address the ability of AS40-
WT, AB40-Dutch, and AB40-Iowa to form f-hairpin structures
as monomers or small oligomers under the temperature and
concentration conditions explored here.

Parallel temperature-cycling measurements between 4 and
37 °C show a similar but more striking pattern (Figure 3B).
Immediately after the samples had been heated to 37 °C, the
intensity is completely lost for all four peptides. At 24 h, there
is a distinct difference between the Af peptides associated with
CAA type 1 (Ap40-Iowa and AP42-WT) and CAA type 2
(Ap40-Dutch and AB40-WT). The spectra of the A#40-Dutch
and AP40-WT peptides regain intensity upon recooling to 4
°C after 24 h, while no intensity is observed for AB40-Iowa or
AP42-WT.

TEM provides a qualitative measure of the state of the Af
peptides as a function of incubation time and temperature.
After incubation for 24 h at 25 °C, long fibrils are observed for
Ap40-Dutch and Ap40-Iowa (Figure 3D,E). For AB42-WT,
protofibrils, characterized by nonfilamentous appearance, are
the dominant visible form at 24 h and remain for more than 2
weeks at 25 °C (Figure 3F). For AB40-WT, a few fibrils are
observed at 25 °C, but they are very sparse on the TEM grids
(Figure 3C). The suggestion from the SEC data is that when
the AB40-WT oligomers undergo a conformational transition,
they can rapidly polymerize via monomer addition. The A$40-
Dutch (Figure 3D) and Ap40-Iowa (Figure 3E) species readily
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Figure 4. FTIR spectra of Af42-WT and Ap40-WT. FTIR spectra of the (A and B) Ap42-WT and (C and D) Af40-WT peptides were recorded as
a function of incubation time at ~25 and 37 °C. For each incubation time point, samples were run in parallel with and without '*C labeling (black
trace) and with '*C-LAGG labeling (red trace) having backbone '*C=0 labels at Leul7, Ala21, Gly33, and Gly37. The final spectra were
normalized to the intensity of the amide II absorbance band.

form fibrils more reliably than Af40-WT, although the Iowa
mutant adopts a curvilinear appearance.

After incubation for 24 h at 37 °C, fibrils can be observed for
all four peptides by TEM (Figure 3G—J). As at 25 °C, the
APA0-WT fibrils are very sparse on the TEM grids (Figure 3G)
while both Af40-Dutch and Ap40-Iowa are much more
abundant. The Ap40-Iowa fibrils retain their curvilinear
structure (Figure 31). Af42-WT has undergone the transition

from protofibrils to fibrils at the higher temperature (Figure

3))

FTIR Spectroscopy as a Probe of the Antiparallel
Structure in Af Peptides. The hallmark of Af fibril
formation is the conversion to cross f-sheet structure. FTIR
spectroscopy complements the methods described above by
providing a time course for -sheet formation by following the
frequency shifts of the amide I and II vibrations (Figure S3).
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Figure 5. FTIR spectra of Af40-Dutch and Ap40-Iowa. FTIR spectra were obtained of the (A and B) Af40-Dutch and (C and D) Ap40-Iowa
peptides as a function of incubation time at 25 and 37 °C. For each incubation time point, samples were run in parallel with and without '*C
labeling (blue trace) and with "*C-LAGG labeling (red trace) having backbone *C=0 labels at Leul7, Ala21, Gly33, and Gly37. The final spectra
were normalized to the intensity of the amide II absorbance band.

When combined with *C labeling of the backbone carbonyl,
the amide I vibration provides an excellent probe of
distinguishing changes in the secondary structure of amyloid
peptides as a function of time.’" One of the striking differences
between Af40-Iowa and the other peptides is its ability to form
antiparallel -sheet fibril structure.”” In studies of A peptides,
antiparallel structure is most often associated with oligomers
and protofibrils.””*> For AB42-WT, we have shown that the
peptide rapidly adopts an antiparallel B-hairpin prior to
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forming cross-# sheet fibrils.** More recently, antiparallel f-
hairpin structure has been proposed for AS40-Dutch and
Ap40-Towa.” The SEC and HSQC NMR experiments
described above provide time courses at 25 and 37 °C for
the aggregation of Aff but do not address whether cross-f sheet
fibrils have formed. We have previously introduced an FTIR
method for monitoring the conversion of monomers to fibrils
that provides a way to distinguish antiparallel and parallel S-
structure’’ (see also Figure S4).
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The amide I vibrational modes at ~1626—1635 cm™" in the
FTIR spectrum are associated with f-sheet secondary
structure.”” Specific '3C labeling of the backbone C=0
group along the Af sequence results in an isotope-induced
shift of the f-sheet normal mode to lower frequency and can
be used to assess the presence of parallel and antiparallel f-
sheet. Our previous study describes the details of this
method.”” Briefly, four *C labels are included within the
two hydrophobic patches of the peptide, which provides a
better probe for antiparallel structures.’”** Two of the 1-'*C
labels are in the first hydrophobic stretch of amino acids,
namely, at 1-'*C-Leul7 and 1-*C-Ala21, while the second two
1-13C labels are at 1-"*C-Gly33 and 1-"*C-Gly37. We refer to
this peptide as "C-LAGG-labeled Af reflecting the labels
being at Leul7, Ala2l, Gly33, and Gly37. In antiparallel
structures, the lower- and higher-frequency bands resulting
from the isotope-induced split of the 1626 cm™' band
(diagnostic of f-sheet secondary structure) share intensity.*>"°
The greater the intensity of the lower-frequency ~1607 cm™
band, the larger the contribution of antiparallel S-structure.

Time Course for the Formation of Antiparallel
Structure in Ag Peptides. The FTIR C labeling strategy
described above provides an approach for following the
evolution of antiparallel structure during fibril formation. In
this section, we compare the structural transitions of all four
Ap peptides being studied to assess their relative propensity for
forming antiparallel fibrils at ~25 and 37 °C. The peptides
were all incubated at 100 M using A peptides lacking *C=
O labels as well as peptides with the *C-LAGG labeling
scheme. The use of unlabeled Af provides a measure of the
conversion of A monomers to mature fibrils. The ~1630
cm ™! band in the amide I region gains intensity and narrows as
mature fibrils form. The use of the LAGG "*C labeling scheme
provides a measure of the contribution of antiparallel structure
as described above.

The transition from monomers to fibrils can be followed via
the 1630—1638 cm™ band as a function of time in the
unlabeled FTIR spectra (blue curves) at 37 °C for Af42-WT
(see Figure 4B). This band is broad with a frequency of 1638
cm™! at time zero and narrows to a sharp resonance at 1630
cm™! after incubation for 2 weeks. The narrowing and shift to a
lower frequency are associated with the formation of mature
fibrils. The shift of the amide I band in the formation of fibrils
is accompanied by a shift of the amide II band from ~1535—
1540 to ~1545—1550 cm™'. We have previously correlated
these transitions with circular dichroism measurements, which
provide a complementary apgroach for measuring changes in
protein secondary structure.”*

The FTIR spectrum of AS42-WT at time zero reflects a
mixture of random coil and f-sheet secondary structure, where
random coil results in a broad featureless amide I band while /-
sheet (or B-hairpin) results in the narrower 1630—1638 cm™
band. The use of the *C-LAGG-labeled peptide (red traces,
Figure 4) allows us to characterize this initial structure as f-
hairpin. FTIR spectra were recorded after filtering monomeric
Ap42 at 4 °C and layering on the ATR plate for IR
measurements. As a result, the peptide can aggregate to form
oligomeric species prior to the FTIR measurements (see
HSQC analysis). In the FTIR spectrum at time zero, the '*C
labeling results in a splitting of the 1638 cm™ resonance into a
resonance at 1614 and 1648 cm™'. The relative intensity of
these two bands reflects the contribution of antiparallel
structure (see Figure S4).

1
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At 25 °C (Figure 4A), the amide I band in the FTIR spectra
of unlabeled A42-WT takes 2 weeks to narrow and increase in
intensity, which is characteristic of mature fibrils. In contrast to
the unlabeled FTIR spectra of Af42-WT, the spectra of *C-
LAGG-labeled A42-WT (red traces) suggest that there is still
considerable antiparallel f-structure after incubation for 1-2
weeks. TEM images obtained after incubation for 2 weeks
show both protofibrils and fibrils (Figure SS), suggesting that
the antiparallel structure arises from the protofibrils.

At 37 °C (Figure 4B), the amide I band of unlabeled Ap42-
WT begins to narrow and increase in intensity after 48 h. The
SEC traces presented previously indicate that there is still a
substantial protofibril population after 48 h. A shift of the
amide I band to 1629 cm™' and the amide II band to 1548
cm™! after incubation for 2 weeks indicates the formation of
mature fibrils. In the *C-LAGG-labeled spectra, the intensity
of the 1614 cm™' band increases and then decreases as
previously observed,* indicating the transient formation of f3-
hairpin structure.

The FTIR spectra of AB40-WT (Figure 4C,D) obtained as a
function of incubation time exhibit several differences
compared to those of AB42-WT. First, at 25 °C there is no
clear transition to mature fibrils over 2 weeks. The broad 1634
cm™" band shifts only slightly to 1632 cm™" and remains broad.
The amide II vibration remains at 1539 cm™'. These
observations are consistent with the thioflavin T and SEC
results, and the known slower aggregation kinetics of Af40-
WT relative to those of AB42-WT. Second, the ~1612 cm™
band in the time zero 'C-LAGG-labeled spectra is more
intense for Af40-WT than for ABp42-WT, suggesting a higher
percentage of f-hairpin structure.

AP40-Dutch and ApB40-Iowa exhibit distinctive differences
compared to AB40-WT and Ap42-WT (Figure S). First, there
is a strong 1611 cm™! resonance in the time zero spectra of the
BC-LAGG-labeled peptides at both 25 and 37 °C, reflecting a
substantial population of f-hairpin. Second, fibrils form rapidly
for Ap40-Iowa as reflected in the formation of a sharp band at
1626—1628 cm™ in the unlabeled spectra (blue traces) at both
temperatures. In addition, the intensity of the 1605—1610
cm ™! band remains intense, indicating that the peptide remains
antiparallel. Solid-state NMR and TEM measurements of
AP40-Dutch and Ap40-Iowa at the 2 week time point show
that at this time point AB40-Dutch has converted to long,
twisted fibrils with parallel, in-register f-strands while the
Ap40-Towa peptide exhibits intermolecular contacts that are
characteristic of the antiparallel species described by Qiang et
al.’” (Figure S6).

An overlay of the FTIR spectra of the four Af peptides at
time zero highlights the antiparallel f-hairpin that forms in the
monomeric or oligomeric Af peptides (Figure S7A). The 1611
cm™ band (see the expansion in Figure S7A) is the most
intense for the Af40-Iowa and AS40-Dutch mutants and is
markedly less intense for AB40-WT and Ap42-WT. As the A
peptides are allowed to incubate at 25 and 37 °C, the f-sheet
resonance begins to narrow and shift to a lower frequency. In
panels B and C, the FTIR spectra at 3 h are shown for the four
unlabeled Ap peptides. These spectra highlight the rapid fibril
formation of A#40-Dutch and AB40-Iowa compared to the two
wild-type Af peptides and suggest that the ability to transiently
form antiparallel f-hairpin structure (panel A) facilitates the
conversion to cross-f sheet fibrils.

Comparison of the FTIR spectra of the four LAGG-labeled
Ap peptides after incubation for 2 weeks at 37 °C highlights
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Figure 6. Influence of salt on the FTIR spectra of A$40-WT, A$40-Dutch, AB40-Iowa, and Ap42-WT. FTIR spectra of the four peptides are shown
with the addition of 10 mM NaCl. The striking feature with the addition of salt is the transient increase in the intensity in the spectra of the Af40-

Dutch peptide during fibril formation at 1670—1680 cm ™

explanation is that this band results from novel a-sheet structure described by Dagget and co-workers.*®

during incubation.

, which is interpreted as an increase in the level of random coil structure. An alternative

The temperature was maintained at 37 °C

their relative propensities to form antiparallel structures
(Figure S7D). In contrast to f-hairpin formation, only AS40-
Iowa has a strong propensity for forming antiparallel fibrils as
seen in the strong 1610 cm™' band. However, as indicated
above, these are the single-layer fibrils (Figure S2).

Influence of Salt on Ag Fibril Formation. Af fibril
formation is influenced by a wide range of factors. The
temperature and sample agitation have a marked influence on
fibrillization kinetics and fibril morphology. The buffer pH and
ionic strength also influence fibril formation.°*” An increase in
ionic strength results in an increase in the level of aggregation
of Af as well as an increase in the rate of fibril formation.*®®”
The studies described here have been undertaken at a low
ionic strength to disfavor the formation of nonfibrillar AfS
aggregates, to decrease the rate of fibril formation and to favor
antiparallel structure as it forms. In this section, parallel FTIR
time courses of the four Af peptides were undertaken using
the '*C-LAGG labeling scheme and with the addition of 10
mM NaCl to increase the ionic strength. These data highlight a
difference between the Af40-Dutch peptide and the other
three peptides.

The time for conversion of monomeric Af to mature fibrils,
as reflected in the amide I and II vibrations, is roughly the
same with the addition of 10 mM NaCl for the four Af
peptides. In a similar fashion, the ~1610 cm™' band reveals
substantial antiparallel A-hairpin structure in monomeric A$40-
Dutch and Af40-Iowa (Figure 6C,D). However, a striking
difference is the increase in a broad band at ~1670—1680 cm™
at 48 h in AP40-Dutch (Figure 6C). This change in the FTIR
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spectrum is reproducible and attributed to a transient increase
in the level of random coil structure in the conversion from f-
hairpin to fibrils (see Discussion). In contrast, increasing the
ionic strength with 10 mM NaCl does not have a marked effect
on the formation of antiparallel structure in A40-Iowa.

NMR Spectroscopy as a Probe of Antiparallel g-
Hairpin Formation. Phel9 is located in the central
hydrophobic stretch of amino acids in the A sequence, and
Leu34 occurs in the C-terminal stretch of hydrophobic
residues. Solid-state NMR studies of f-hairpin formation in
Ap42-WT have shown close packing of the side chains of
Phel9 and Leu34® as a result of the central and C-terminal f-
strands associating within A monomers or small oligomers at
early time points in the pathway to fibrils. In addition,
mutational studies have argued that these residues form a
critical folding contact in Af340-WT responsible for toxicity.”’
Close Phel9—Leu34 contacts in A40-WT are consistent with
close Glu22—Ile31 contacts observed in A40-WT prior to the
formation of mature fibrils.”"

To probe whether the rapid formation of f-hairpin in the
Ap40-Dutch and Ap40-Iowa peptides leads to similar packing
of Phel9 and Leu34, solid-state *C MAS NMR experiments
were undertaken after monomer formation at 4 °C. Parallel
experiments were also undertaken with mature fibrils formed
as a result of incubation for 2 weeks at 37 °C. Close Phel9—
Leu34 interactions were measured with peptides containing
ring "*C-labeled Phel9 and uniformly *C-labeled Leu34 using
dipolar-assisted rotational resonances (DARR). The DARR
NMR approach restores '*C--*C dipolar couplings under
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Figure 7. MAS NMR of Phel9—Leu34 contacts in A monomers and fibrils of A40-WT, AS40-Dutch, Af40-Iowa, and AP42-WT. (A) Two-
dimensional *C DARR NMR spectrum of Af40-Iowa labeled with ring-'*C-Phe and U-"*C-Leu34. (B and C) Rows taken through the diagonal
resonance of ring-">C-Phe at time zero and 2 weeks, respectively, for AB40-Iowa. (D and E) Relative intensities of the ring-"*C-Phe—U-">C-Leu34
cross peaks corresponding to the well-resolved Leu34 *C=0 and "*CHj, resonances at time zero and 2 weeks, respectively, relative to the ring-'*C-
Phe diagonal resonance. The strongest cross-peak relative to the ring-'*C-Phe diagonal resonance was observed for Af40-Dutch, which was set
equal to 1.0, at both time points. For the experiments using incubation for 2 weeks, the temperature was maintained at 37 °C. Errors shown are

relative to the spectral noise.

MAS conditions, which in turn provides distance constraints
between '*C-labeled sites within the sample.

The 2D DARR NMR spectrum of Ap40-Iowa fibrils
containing ring-'*C-labeled Phel9 and uniformly "*C-labeled
Leu34 exhibits strong '*C NMR resonances along the diagonal
of the 2D NMR spectrum as well as strong off-diagonal cross-
peaks (Figure 7A). The diagonal resonances are those that
would appear in a one-dimensional NMR spectrum, whereas
the off-diagonal cross peaks appear between "*C sites that are
separated by <6 A. The 2D NMR spectrum in Figure 7A is of
single-layer Af40-Iowa fibrils formed after 2 weeks at 37 °C.
The cross-peaks observed between the resonances of ring-"*C-
Phel9 and U-"*C-Leu34 indicate these residues are in close
contact, in agreement with the structure of these fibrils.*”
Phel9 and Leu34 are found in close contact in the mature
fibrils of Af40-WT but typically are not found in close
association in fibril structures of Af42-WT.

Notably, the intense cross-peaks between Phel9 and Leu34
were also observed following monomerization of the Af40-
Iowa peptide (see Experimental Section). Rows through the
2D NMR spectra at time zero (Figure 7B) and 2 weeks (Figure
7C) reveal the relative intensity between the diagonal
resonance and cross-peaks. The cross-peaks in the spectrum
obtained at time zero are much broader, which is consistent
with a much more heterogeneous structure of the monomer
compared to the fibrils formed after incubation for 2 weeks.
For early time point experiments, monomeric A} was warmed
to room temperature briefly before being rapidly frozen and
lyophilized. The short time interval prior to measurement (or
in this case before freezing) was similar to the initial time
points at 25 °C for the SEC (Figure 2), FTIR (Figures 4 and
6), and AFM (Figure S2) measurements. Consequently, the
samples contain a mixture of monomeric and oligomeric AS.
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Measurements of Phel9—Leu34 interactions were also
carried out on Af40-Dutch, Af40-WT, and AB42-WT in a
similar fashion. The relative intensities of the ring-'*C-Phel9
and U-"*C-Leu34 cross-peaks relative to the Phel9 diagonal
resonance are plotted for time zero (Figure 7D) and 2 weeks
(Figure 7E). The cross-peak intensities for Af40-Dutch at time
zero are comparable to those for AB40-Iowa, consistent with
the strong antiparallel signature in the FTIR spectra at this
initial time point for these two peptides. Cross-peaks with
similar intensity are observed at both the time zero and 2 week
time points. Dilution experiments (data not shown) indicate
that these result from intramolecular interactions at time zero
for Ap40-Dutch and Ap40-Iowa, but are intermolecular for
AP40-Dutch and intramolecular for Af40-Iowa at the two
week time point. The cross-peak intensities are markedly lower
for Ap40-WT at both time points than for the mutant peptides.

For Ap42-WT, cross-peak intensity is observed at time zero,
consistent with earlier observations for this interaction in
Ap42-WT oligomers.69 However, the Phe—Leu cross-peak
intensity drops at the 2 week time point after fibrils have
formed, which is consistent with NMR and cryo-EM structures
of AP42-WT fibrils.

Taken together, the observation of Phe—Leu contacts at
time zero in all four peptides is consistent with the FTIR
results suggesting rapid f-hairpin formation (Figures 4 and $).
The strong cross-peak intensity observed for the A40-Dutch
and Af40-Iowa peptides relative to A$40-WT and AB42-WT
at the early time point correlates with the strong ~1611 cm™
IR band characteristic of antiparallel $-hairpin structure.

B DISCUSSION

CAA is a common disease in the aging population associated
with cognitive decline and cerebral vascular compromise as a
result of Af peptide deposition.'*”* Although often present in
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formed by association of two f-strands within the A peptide and is stabilized by intramolecular hydrogen bonding, hydrophobic packing
interactions, and complementary electrostatic interactions. Both FTIR and NMR measurements indicate that A#40-Dutch and Af40-Iowa peptides
have a strong propensity for forming f-hairpin secondary structure as the first step in the pathway to fibrils. The NMR measurements show that
Phel9 and Leu34 pack against each other on the same surface of the hairpin. These CAA familial mutant peptides have a higher propensity for -
hairpin compared to that of A#40-WT, which is attributed to the single complementary electrostatic interaction between Lys28 and either Glu22
(in Iowa) or Asp23 (in Dutch). Hydrogen bonding between f-strands switches from intramolecular to intermolecular in the transition from -
hairpin to cross f-sheet fibrils. A simple rotation of the f-strands to place the hydrophobic side chains in the center of a U-shaped structure (in
Ap40-Towa and in the top pathway for AB40-Dutch) forms a nucleus for polymerization of additional monomers. In the antiparallel fibril structure
of AP40-Iowa, the charged residues alternate along the fibril surface and provide stabilizing interactions. Disruption of the intramolecular
interactions in the f-hairpin in Af40-Dutch causes unraveling of the peptide (bottom pathway). Addition of monomers to this structure would lead
to a fibril structure similar to that observed for AB40-WT by Tycko and co-workers in human brain.”®
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AD cases, CAA has a distinct pathology. We focus on the
Ap40-Dutch (E22Q) and Ap40-Iowa (D23N) peptides that
are associated with familial forms of CAA. These peptides
present similar mutations at neighboring positions in the Af
sequence that turn an acidic amino acid into an uncharged
amine, yet they are associated with distinct CAA subtypes.
Ap40-Dutch (E22Q) is associated with CAA type 2 and
preferentially forms vascular amyloid on large cerebral vessels,
while Af40-Iowa (D23N) is associated with CAA type 1 and
preferentially aggregates on cerebral capillaries. We compare
the solution properties of these two peptides to determine
whether structural differences may account for differences in
the sites of vascular deposition. We also compare these
peptides with Ap40-WT and AS42-WT, which have been more
extensively characterized and appear to be preferentially
associated with CAA type 2 and CAA type 1, respectively.

The Ap40-Dutch and Ap40-Iowa peptides were found to
exhibit several differences in vitro, including the kinetics of
fibril formation and the stabilities of the initial protofibrils or
fibrils formed. While both peptides rapidly form p-hairpin
structures, a key difference is that AB40-Dutch forms parallel,
in-register fibrils while Af40-Iowa has a propensity to form
single-layer antiparallel fibrils in the absence of strong agitation
or sonication. We discuss the similarities and differences
between these two peptides in terms of potential mechanisms
of amyloid fibril formation, sites of vascular deposition, and
clearance from the brain.

Propensity to Form Antiparallel g-Hairpin Structure
in Solution. Ap peptides can form two distinct antiparallel
structures during the transition to mature fibrils. The first type
of structure is an antiparallel f-hairpin, which in the studies
described above is formed through intramolecular hydrogen
bonding between the two hydrophobic stretches that form -
strands (Figure 8). The second antiparallel structure
corresponds to fibrils with antiparallel cross f-sheet (discussed
in the next section). In the latter, intermolecular hydrogen
bonding occurs between f-strands from adjacent monomers
within the fibril.

There are multiple lines of evidence for the formation of
antiparalle] B-hairpin structure in monomeric or oligomeric
AP40-WT and AB42-WT. The 'H-"N HSQC studies of
Hoshino and co-workers®™ described above concluded that
chemical exchange occurs between random coil and S-hairpin
structure in AP40-WT on the basis of the absence of a
concentration dependence. This observation supports the
conclusion that intramolecular conformational changes are
responsible for the loss of NMR intensity with an increase in
temperature. Intramolecular interactions are supported by
cross-linking studies.”””* AB40-WT and ApB42-WT peptides
with intramolecular cross-links both spontaneously form stable
oligomers and protofibrils, but both are unable to convert into
amyloid fibrils. Conformation-specific antibodies used to
detect Af aggregates in vivo indicate that the wild-type
oligomer structure is preserved and stabilized in the cross-
linked oligomers. Stabilization of a f-hairpin conformation was
also found in monomeric Af40-WT bound to an affibody
protein.”> Finally, solid-state NMR studies have detected the
formation of transient antiparallel f-hairpins prior to fibril
formation.*®”!

In the studies described above, the f-hairpins contain a turn
between Asp23 and Lys28. The hydrophobic N-terminal fS-
strand of the f-hairpin comprises roughly residues Leul7—
Ala21, while the hydrophobic C-terminal $-strand stretches at
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least from Ile31 to Val36. In addition to the intramolecular
hydrogen bonding between p-strands, lateral packing of
hydrophobic side chains provides stabilizing interactions. In
addition to hydrophobic contacts within these stretches,
complementary charges at the ends of the p-strands may
contribute to electrostatic stabilization. For example, in the
Ap40-Dutch peptide, Lys28 may pair with Asp23 and Lys16
may pair with the C-terminal carboxyl of Val40 (Figure 8).

In our current studies, we address whether S-hairpins form
in the AB40-Dutch and Ap40-Iowa peptides in a fashion
similar to that of Ap40-WT. In the FTIR spectra of the A40-
Dutch and Ap40-Iowa monomers and/or small oligomers, we
observe much greater intensity in the low-frequency 1610—
1612 cm™" band (corresponding to antiparallel f-structure) in
the mutant peptides compared to A$40-WT. Moreover, at the
monomer/oligomer stage, intramolecular NMR contacts are
observed between Phel9 and Leu34 in the Af40-Dutch and
Ap40-Towa peptides that are consistent with an antiparallel -
hairpin structure involving the central hydrophobic Leul7-
Val18-Phe19-Phe20-Ala21 sequence and the C-terminal Ile31-
Val32-Gly33-Leu34-Met35-Val36 sequence (Figure 8). The
exposed hydrophobic surfaces in these transiently formed
structures may drive their association into oligomers and
subsequent transition into fibrils. The p-hairpin structure
shown in Figure 8 is consistent with previous solid-state NMR
experiments of A$40-WT showing close contacts of Glu22 and
Ile31 in early oligomeric or protofibril intemediates that are
lost in the formation of mature fibrils.”"

The rapid formation of the f-hairpin structure in AS40-
Dutch and Af40-Iowa relative to A40 and Af42 is one of the
main features that these familial A# mutants have in common
in terms of their solution properties. The SEC traces along
with the corresponding TEM micrographs show that both
peptides form fibrils rapidly under the temperature and slow
shaking conditions used. The f-hairpins are likely a common
initial stage in forming the nuclei that can seed fibril
growth.73’ * Also, a recent cryo-EM structure of brain-derived
Ap40-WT fibrils indicates that monomers adopting f-hairpin
structure may associate with the fibril surface.”® This
observation raises the intriguing possibility that f-hairpin
structure may be important for both fibril nucleation and fibril
stability.

Correlation of Fibril Stability with CAA Type 1 and
CAA Type 2. A growing body of evidence suggests that
vascular am;rloid deposition is associated with reduced peptide
clearance’”’® pointing to the clearance mechanism as a
possible contributor to differences between CAA subtypes.
Small cerebral vessels are sites of efflux across the blood—brain
barrier and of perivascular drainage from the brain interstitial
fluid.””~*" We observed that Af40-Iowa and A42-WT rapidly
form stable protofibrils or fibrils at physiological temperature
in the temperature-cycling NMR experiments, while less stable
protofibrils or fibrils were observed for A40-Dutch and Af40-
WT. In the study presented here, we found that protofibril or
fibril stability correlates best with the propensity of Af40-Iowa
and Ap42-WT to form vascular amyloid in CAA type 1 and
Ap40-Dutch and AB40-WT to form amyloid in CAA type 2.

Stable structures of Af40-Iowa and AB42-WT are less likely
to cross cellular membrane barriers, which is required for
transport out of the brain across the blood—brain barrier, or to
drain along perivascular spaces, thus facilitating their
deposition in capillaries. Conversely, less stable aggregates of
AP40-WT or ApP40-Dutch have a greater opportunity to
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migrate along capillaries up the vascular tree through
perivascular spaces, allowing fibrillar deposits to form in larger
cerebral vessels. In addition, the differences in stability may
also influence the ability of these peptides to interact with
different isoforms of ApoE or other Af chaperones. In this
regard, the ApoE4 allele has been linked to CAA type 1 while
the ApoE2 and ApoE3 alleles are linked with CAA type 2."*
ApoE4-Af complexes are less efficiently cleared across the
blood—brain barrier through capillary endothelial cells than
complexes of ApoE2-Af and ApoE3-Af,*” suggesting a link
between capillary deposition and a higher frequency of the
ApoE4 allele."*

Propensity to Form Antiparallel Cross f-Sheet Fibril
Structure in Solution. The second distinct type of
antiparallel structure that can be formed by the Af peptides
is an antiparallel fibril. Most structures of Af fibrils determined
by NMR or cryo-EM have a parallel, in-register structure.*’
The Ap40-Iowa peptide is unusual in forming single-layer
fibrils that have elements similar to protofibrils. In the study
presented here, we address whether AB40-Dutch has a similar
propensity to form such structures. The FTIR studies in
Figures 4 and 5 provide evidence that A$40-Dutch forms
parallel fibrils upon incubation. While the FTIR spectra are
similar at early time points between A$40-Dutch and Ap40-
Iowa, they are distinctly different at later times. The differences
are confirmed by solid-state NMR measurements of Af40-
Dutch and Af340-Iowa fibrils at the 2 week time point (Figure
S6). While Ap40-Iowa exhibits NMR contacts consistent with
the single-layer antiparallel fibril structure, Af40-Dutch
exhibits contacts consistent with parallel, in-register fibril
structure.

One common element between the fibril structures of A40-
Iowa and ApB42-WT (compared to AS40-WT and possibly
Ap40-Dutch) is the position of Lys28. In the single-layer fibril
structure of Ap40-Towa, Tycko and co-workers”” have
previously shown that Asn23 is hydrogen bonded with
GIn1S and Asn27. Lys28 is oriented outward (away from the
fibril core) and forms a charge pair with the C-terminal
carboxyl group on the neighboring peptide in the fibril. Glu22,
the remaining negative charge, in the fibril core interacts with
Lysl16.

The fibril structures of AS42-WT that have a parallel, in-
register orientation also show that Lys28 is oriented away from
Glu22 or Asp23.36’84 In these structures, Lys28 interacts
electrostatically with the C-terminal carboxyl group at Ala42,
resulting in a three-stranded f-sheet.

In contrast, in the fibril structures of AB40-WT, Asp23 and
Lys28 typically form an intramolecular salt bridge.”> The
formation of this salt bridge appears to be the rate-determining
step in fibril formation as it requires the Asp23 and Lys28
groups to rotate into the hydrophobic fibril core.”* In the
absence of such complementary charge matching, both
residues prefer to be located on the surface of the fibril and
solvated. However, mixtures of A$40-WT and Af42-WT can
form unique fibril structures where Lys28 is oriented
outward.”” These studies indicate that even AB40-WT can
form polymorphic structures in which the Asp23—Lys28 salt
bridge is absent but more importantly suggest that the Af40-
Iowa and Af42-WT peptides may be able to co-fibrillize in
CAA type 1 vascular amyloid.

The ApB40-Dutch peptide may form an Asp23—Lys28 salt
bridge in a fashion similar to that of A$40-WT (Figure 8, top
pathway). This orientation would be consistent with the strong
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NMR contact between ring-"*C-Phel9 and U-">C-Leu34
observed in Figure 7. In both AB40-WT and Af40-Dutch,
the NMR contact is intermolecular (data not shown). For
AP40-WT formed in solution, this occurs due to staggering of
P-strands between A$40 subunits. A second possible structure
for Ap40-Dutch is where both GIn22 and Asp23 remain
oriented outward and are not in f-sheet or f-strand structure.
Solid-state NMR studies of the E22G (Arctic)®® and E22K
(Italian) mutants of Af40® suggest polymorphism in their
fibril structure. For E22K, NMR experiments have shown that
the structural polymorphism reflects one population in which
Asp23 has rotated inward to form a salt bridge with Lys28 and
a second (major) population where the Asp23 side chain
remains oriented outward and interacts electrostatically with
the Lys22 side chain.*

One of the striking differences between A$40-Dutch and the
three other Af peptides is the increase in intensity in the amide
I region of the FTIR spectrum at ~1670—1680 cm™" in 10 mM
NaCl (Figure 6C). This increase in intensity suggests that the
P-hairpin  unravels during the transition to mature fibrils.
Unraveling would disrupt the hydrophobic interactions
between the Leul7-Vall8-Phel9-Phe20-Ala21 sequence in
the middle of the Af peptide and the C-terminus (as shown in
Figure 8, bottom pathway for Af40-Dutch fibrillization).
Intermolecular association of these hydrophobic sequences
would result in a fibril structure similar to the cryo-EM
structure recently proposed by Tycko and co-workers.”® This
structure also exhibits intermolecular contacts between
ring->C-Phe19 and U-"C-Leu34.

Propensity to Form Antiparallel g-Structure in
Human Brain. The Dutch E22Q _and Iowa D23N mutations
are relatively conservative changes that result in early onset and
preferential deposition of vascular amyloid. One possibility is
that the strong phenotypic influence that results from the
mutation of a negatively charged residue to a neutral amine is
due to the vascular membrane environment in which Af40-
Dutch and Ap40-Iowa form amyloid deposits. The measure-
ments described here are under low-salt conditions that would
favor electrostatic interactions, perhaps mimicking the role of
membranes in excluding salt.

The Ap40-Dutch and Ap40-Iowa mutants preferentially
form fibrils in the presence of the GM3 ganglioside, which is
present on the surfaces of cerebral vascular smooth muscle
cells.”®”" Partitioning of the A peptides into membranes may
allow them to form antiparallel structures where the f-strands
have complementary charge matching as observed in Af40-
Iowa. We have shown that the antiparallel -sheet structure in
Ap40-lIowa fibrils can be stabilized in solution with the
addition of Cu®*,*” a metal ion that is found to accumulate in
vascular amyloid deposits. Moreover, we have recently
observed antiparallel structure in fibrils derived from vascular
amyloid isolated from human brain with sporadic CAA.** In
these studies, templated growth of the brain-derived fibrils
through multiple generations favors parallel, in-register -sheet
structure possibly due to the dilution of stabilizing cofactors
such as Cu®" or from the presence of less antiparallel -hairpin
that our current studies show rapidly forms when Ap
monomers are added to solution.

The residues at positions 22 and 23 may also contribute to
electrostatic interactions that stabilize the N-terminus in
structures of fibrils formed in vascular amyloid from Af40-
WT. Cryo-EM structures suggest that fibrils derived from
vascular amyloid may be quite different from parenchymal
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amyloid.”* In the structure reported by Kollmer et al.”* of
brain-derived AB40-WT from vascular amyloid, Glu22 and
Asp23 interact near Aspl, resulting in a structured N-terminus
formed by two antiparallel S-strands. The structure is similar to
that of the C99 substrate prior to cleavage by y-secretase.””*
In C99, membrane interactions appear to be responsible for
stabilization of an N-terminal f-hairpin structure. Glu22 and
Asp23 lie at the transition point of this N-terminal f-hairpin
and the hydrophobic N-terminus, and consequently, they are
at key positions for determining how the Ap peptides
generated by y-secretase processing fold into fibrils. In this
regard, the N-terminus, which is often observed to be
unstructured in the structures of fibrils formed in vitro, may
be a critical determinant of toxicity in the brain. For example,
post-translational modifications involving N-terminal residues
may play a role in fibril formation.”® Recently, a novel f-
hairpin fold of the N-terminus of Af has been used to generate
antibodies that reduce the level of plaque formation in mouse
of AD,”® which may be similar to the target of aducanumab, an
antibody that targets monomers and aggregated forms of AB.”

B CONCLUSIONS

In summary, mutations in the Ala21-Glu22-Asn23 region have
profound effects on the structure and phenotypic expression of
the Ap peptide. This region has been found to be a hot spot
where mutations increase the level of fibril nucleation,” yet
their phenotypic impacts can be quite different. In addition to
E22Q and D23N, other mutations in this region include A21G
(Flemish), E22K (Italian), and E22G (Arctic). For example,
the D23N Iowa mutation is not associated with AD while the
Arctic mutation is associated with AD and a high CAA type 1
load. The Dutch and Italian mutations are both associated with
CAA type 2 and large lobar hemorrhages.40 Nevertheless,
pathological differences between patients with these familial
mutants are not so “black and white” and often exhibit overlap.
For instance, the Iowa mutation also leads in some cases to
greater vessel deposition and hemorrhages, although less
frequently than with the Dutch or Italian mutations. The
variability between patients harboring the Iowa mutation could
involve other factors. A chaperones and the presence of both
mutant and wild-type Ap species in familial CAA patients
heterozygous for the mutation may influence the assembly and
deposition of vascular amyloid in different vascular beds.

Here we focus on the E22Q and D23N mutations that
exhibit different phenotypes despite similar amino acid
changes. Comparison of the two peptides in solution reveals
both similar and strikingly different properties. Both Af40-
Dutch and Ap40-Iowa appear to rapidly form intramolecular -
hairpin structures consistent with their kinetics of fibril
formation being faster than for A40-WT. A$40-Dutch and
Ap40-WT, which are more prominent in CAA type 2, both
form aggregates that are much less stable than Af40-Iowa and
Ap42-WT, which are favored in CAA type 1. Af40-Dutch and
ApP40-Iowa also differ strongly in their ability to form
antiparallel pB-sheet fibrils with Af40-Dutch preferentially
forming parallel, in-register fibrils and Af40-Iowa forming
extended antiparallel -sheet protofibrils or single-layer fibrils
(under the conditions studied). These properties in solution
may be related to the ability of the different peptides to
nucleate fibrils in vascular amyloid and/or be cleared from the
brain parenchyma. Future studies correlating in vitro and in
vivo properties promise to shed light on the familial mutations
involving these residues.
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