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Abstract

Extracts of Alzheimer's disease (AD) brain that contain what appear to be SDS-stable amyloid p-
protein (AB) dimers potently block LTP and impair memory consolidation. Brain-derived dimers
can be physically separated from Ap monomer, consist primarily of AB42 and resist denaturation
by powerful chaotropic agents. In nature, covalently cross-linked Ap dimers could be generated in
only one of two different ways - either by the formation of a dityrosine (DiY) or an isopeptide e-
(y-glutamyl)-lysine (Q-K) bond. We enzymatically cross-linked recombinant AB42 monomer to
produce DiY and Q-K dimers and then applied a range of biophysical methods to study their
aggregation. Both Q-K and DiY dimers aggregate to form soluble assemblies distinct from the
fibrillar aggregates formed by AR monomer. These results suggest that Ap dimers allow the
formation of soluble aggregates akin to those in aqueous extracts of AD brain. Thus it seems that
AR dimers may play an important role in determining the formation of soluble rather than
insoluble aggregates.
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Introduction

Alzheimer's disease is a huge personal problem and a growing challenge to healthcare
systems throughout the world (1). The molecular changes leading to AD are not well
understood, but substantial data indicate that the amyloid p-protein (Ap) plays a central
initiating role (2, 3). Although the forms of Ap that mediate memory impairment and the
toxic pathways activated by AB remain unresolved, numerous studies have shown that non-
fibrillar, water-soluble Ap from a variety of sources are potent synaptotoxins (4-8). Studies
of post-mortem brain indicate that levels of water-soluble Ap are elevated in AD (9-13).
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Moreover, in vitroand in vivo studies show that such material robustly inhibits long-term
potentiation, facilitates long-term depression and induces tau hyperphosphorylation and
synaptic degeneration (8, 14-17). Ap from bioactive AD brain extract migrates on SDS-
PAGE as two broad bands at ~4 and ~7 kDa — putative monomers and dimers, and recent
work suggests that the dimer is a building block of toxic assemblies (18). Intriguingly, such
dimers are highly stable, neither their migration on SDS-PAGE nor size exclusion
chromatography (SEC) is altered by treatment with strong chaotropes such as formic acid,
urea and guanidine hydrochloride (18).

A likely explanation for the high stability of brain-derived dimers is that their component
monomers are coupled by a covalent bond. In nature there are only two reactions that could
yield such dimers. One mechanism would involve the phenolic coupling of tyrosine residues
and the other the formation of an isopeptide bond between GIn15 and Lys16 (Figure 1).
Oxidative stress can cause formation of dityrosine (DiY) cross-linking of proteins and in
several human diseases a number of different tyrosine-containing proteins have been shown
to undergo phenolic coupling (19-21). Indeed there is evidence of increased levels of DiY in
AD (22-25) and /n vitro, AP can readily be induced to form DiY cross-linked dimers
(26-29). Cross-linking of AP can also be achieved by the enzyme catalyzed formation of
isopeptide bonds between glutamine and lysine residues (Figure 1B). /n vivo e-(y-
glutamyl)-lysine bonds (Q-K) are formed by the action of the enzyme transglutaminase (TG)
(30). Under normal conditions TG plays an important role in the post-translational
stabilization of particular proteins, but in certain pathological conditions the activity of TG is
up-regulated, resulting in non-specific cross-linking of proteins (31, 32). Indeed, Q-K
formation is known to be increased in AD (33) and synthetic AR can serve as a substrate for
TG leading to production of isopeptide cross-linked dimers (34, 35).

Heretofore the aggregation of Ap42 Q-K and DiY dimers was not investigated. However
several reports found that cysteine-containing Ap peptides could be induced to form cystine
cross-linked dimers, and that the aggregation of those design dimers was distinct from that
of their component monomers (36-39). Although these studies provided the first information
about the unique aggregation properties of AR dimers, the AP sequence does not naturally
contain cysteines. The initial attempts to study dimers held together by cross-links that could
occur in AD were restricted to dityrosine cross-linked Ap40 (29, 40). Like cystine cross-
linked dimers, the self-assembled structure and aggregation kinetics of AB40DiY was found
to be distinct from that of Ap40 monomer. Here we investigated the aggregation kinetics and
products of Q-K ([AB(M1-42)]q.k) and DiY ([AB(M1-42)]pjy) dimers. Using Thioflavin T
(ThT) fluorescence, centrifugation, quasielastic light scattering (QLS), analytical SEC
(aSEC) and negative contrast electron microscopy (EM) we compared the aggregation of
[AB(M1-42)]q.k and [AB(M1-42)]piv, alongside that of AB42 monomer (AB(M1-42)).
Notably, both dimers assembled to produce soluble aggregates akin to those detected in
aqueous extracts of AD brain (18), but unlike Ap42 monomer they did not readily form
insoluble aggregates. These results suggest that in nature dimerization of Ap may act to
produce long-lived diffusible aggregates that may play a role in disease.
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Materials and Methods

Reagents

Unless otherwise stated all chemicals and reagents were purchased from Sigma (Sigma-
Aldrich, St. Louis, MO) and were of the highest purity available. Recombinant AB(M1-42)
was produced and purified as described previously (29, 41). Following anion exchange
isolation of recombinant AP from bacterial extract, approximately 10 mg of AB(M1-42) was
dialyzed into 50 mM ammonium bicarbonate buffer, pH 8.5 (AmBIC), lyophilized and then
dissolved in 5 ml of 50 mM Tris-HCI, pH 8.5 containing 7 M guanidinium HCI and 5 mM
EDTA (denaturing buffer) and incubated overnight. AB monomer was isolated by gel-
filtration chromatography using two Superdex 16/60 columns linked in series, eluted at 0.8
ml/min AmBIC containing 5 mM EDTA. The peak fraction was collected and the
concentration determined by measuring the absorbance at 275 nm (Absy7s; e =1361 M1
cm1). Thereafter aliquots were prepared and lyophilized. Peptide mass and purity (>99%)
were confirmed by MALDI-TOF mass spectrometry, reverse phase HPLC and SDS-PAGE
with silver staining (Supplementary Figure 1).

Production of dityrosine (DiY) cross-linked Ap42 dimer

Dityrosine cross-linking of peptides was performed essentially as described previously (29).
Five milligrams of AB(M1-42) was dissolved in denaturing buffer to produce a solution of
10 mg/ml and then chromatographed on two Superdex 75 10/300 columns linked in tandem
(GE Healthcare Biosciences, Pittsburgh, PA), and eluted in AmBiC. Monomer peak
fractions were collected, pooled and concentration determined by Abs,7s. Peptide was
diluted to 40 pM using AmBIC and incubated with 2.2 uM horseradish peroxidase (Thermo
Scientific, Waltham, MA) and 250 uM H,0, at 37°C for ~14 h (23). Thereafter, this material
was lyophilized and the lyophilyzate redissolved in denaturing buffer (3 ml), incubated
overnight at room temperature and dityrosine cross-linked Ap dimer ([AB(M1-42)]piy) was
isolated from unreacted monomer and aggregates using a Superdex 75 16/60 column eluted
with AmBIC. Peak fractions of dimer were pooled and the concentration determined by
Absygs (e = 6226 M1 cm™1) (29). Based on starting monomer concentration, this cross-
linking and purification protocol typically yielded 25% as much dimer as starting material,
i.e. starting with 5 mg of Ap(M1-42) the protocol yielded ~1.25 mg of [AB(M1-42)]piy.

Production of e-(y-glutamyl)-lysine (Q-K) cross-linked of Ap42 dimer

AB(M1-42) monomer was isolated by SEC as described above and lyophilized in 1 mg
aliquots. Five mg of AB(M1-42) was then dissolved at a concentration of 80 uM in 0.01 mM
NaOH, and diluted to 40 pM with 100 mM Tris-HCI, pH 8.5 containing 10 mM CaCl,, 20
mM dithiothreitol (DTT) and incubated with 0.05 pg/pl transglutaminase (Sigma Aldrich,
St. Louis, MO) at 37°C for 30 min (42). Thereafter, Q-K dimer ([AB(M1-42)]q.k) Was
isolated as described for DiY dimer. Peak fractions of dimer were pooled and their
concentration determined by UV absorbance at 275 nm (e = 2722 M1 cm1) (29). An
extinction coefficient, twice that of AR monomer was used to determine the concentration of
Q-K dimer as it contains 2 free tyrosine residues and displays a UV absorbance spectrum
similar to that of AB(M1-42) (Supplementary Figure 2). Typically 5 mg of AB(M1-42)
yielded ~1.0 mg of [AB(M1-42)]q.k (i.e. a ~20% yield).
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Continuous Thioflavin T fluorescence assay

Peptide was dissolved in denaturing buffer, incubated overnight at room temperature and
chromatographed on two Superdex 75 10/300 columns linked in tandem and eluted with 20
mM sodium phosphate, pH 8.0 containing 200 pM EDTA and 0.02% NaNs3. Only the peak
fractions were used for aggregation assays (Supplementary Figure 3). Aggregation was
monitored using a continuous ThT fluorescence assay (43). SEC isolated peptide was diluted
to 10.1 pM with 20 mM sodium phosphate, pH 8.0 containing 200 pM EDTA and 0.02%
NaN3 and combined with a 100 x ThT stock to yield 20 uM ThT and 10 uM AB. Serial
dilutions of Ap were prepared by diluting with 20 mM sodium phosphate, pH 8.0 containing
200 uM EDTA, 0.02% NaN3 and 20 uM ThT. Six replicates (100 ul) of each A
concentration were transferred to wells of a black, clear bottom, 96 well half-area low-
binding polystyrene plate (Corning Life Sciences, Corning, NY). A blank without any AR
was also prepared and analyzed alongside A containing wells. The outer edge wells of the
plate were not used for samples, but were filled with buffer and plates sealed with an
adhesive cover (Fischer Scientific, Cambridge, MA). Samples were incubated at 37°C in a
POLARstar Omega plate reader (BMG Labtech, Offernburg, Germany) and fluorescence
recorded every 5 minutes (EX440nm; EMagonm)- Fluorescence values are shown as continuous
lines derived by point-to-point fitting to the value obtained for each 5 min interval. Three
criteria (Lag time, maximal aggregation rate and maximal fluorescence) were used to
compare aggregation curves produced by different peptides (Supplementary Figure 4). Lag
time is defined as the first of two consecutive time points showing a statistically significant
increase in fluorescence (Student's #test) compared to the t = 0 reading. The maximal rate of
aggregation is given by the maximum slope of the linear phase of aggregation (44). Curves
were considered to have reached a plateau once the rate of aggregation had slowed to < 5%
of that of the maximal rate of aggregation.

At maximal aggregation (t = max), six, 100 pl replicates were pooled and fluorescence
recorded from 2x 120 pl replicates using a SpectraMax M2 microplate reader (Molecular
Devices, Sunnyvale, CA; EXa40, Emagg). The remaining pool (~360 ul) was then centrifuged
at 16,000 g for 30 minutes, the upper 90% of supernatant was removed and the fluorescence
determined (37).

Semi-continuous Thioflavin T fluorescence assay

Samples for semi-continuous ThT assay were prepared essentially as described above for the
continuous ThT assay, however in the absence of ThT dye. Peptide samples minus ThT (5
UM Ap monomer or dimer) were transferred to the wells a black, clear bottom, 96 well half-
area low-binding polystyrene plate, alongside identical samples containing ThT. Sample
plates were incubated at 37°C and the fluorescence recorded every 5 minutes (Ex440nm:
Emygonm) Using a CLARIOstar Omega plate reader (BMG Labtech, Offernburg, Germany).
At specific times during the aggregation assay, (110 min for AB(M1-42), 1200 min for
[AB(M1-42)]pjy and 130 min [AB(M1-42)]q-k) plates were quickly removed from the plate
reader, 1 pl of 2 mM ThT (100x stock) added to wells containing sample minus ThT and the
plate returned to the plate reader to continue recording fluorescence.
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Analytical SEC

Ten micromolar samples (100 pl) without ThT, were prepared and incubated as above and
aliquots removed at specific intervals. Twenty five ul of each was injected via a 20 pl loop
onto a Superdex 200 3.2/300 PE column, and eluted at 0.1 ml/min with 20 mM sodium
phosphate, pH 8.0 containing 200 uM EDTA and 0.02% NaNs3. Absorbance at 214 nm was
recorded. The time points (t = ¥4 max, t = % max, t = max) analyzed were based on prior
ThT assays and correspond to ¥ maximal, %> maximal, or maximal fluorescence of a given
peptide (see Supplementary Figure 4). At each interval samples were centrifuged at 16,0009
for 1 min to remove large aggregates, and then loaded on SEC.

Quasielastic light scattering

Triplicate 10 pM samples (100 pl) were prepared and transferred to the same plates as used
for ThT experiments, except no ThT was added. At intervals, ten, 10 second acquisitions
were collected using a DynaPro® Plate Reader (Wyatt Technology, Santa Barbara, CA). The
intensity correlation function and the distribution of the hydrodynamic radii of the particles
contributing to scattering were determined using Dynamics 7 software (Wyatt Technology,
Santa Barbara, CA).

Negative stain electron microscopy

Samples (10 pl) were applied to carbon-coated Formvar grids for one min and then cross-
linked using 0.5% gluteraldehyde (10 pl). Grids were washed gently with MQ water, stained
for two min with 2% uranyl acetate (Electron Microscope Sciences, Fort Washington, PA)
and blotted dry. Samples were prepared in duplicate and examined using a Tecnai G2 Spirit
BioTWIN electron microscope (FEI, Hillsboro, OR). EM grids were scanned in a serpentine
fashion at ~12,000x magnification, then regions of interest were examined at higher
magnification and images captured with an AMT 2k CCD camera (AMT Corp., MA).

Circular dichroism spectroscopy

Results

AB(M1-42) monomer or dimer samples were analyzed by CD at t = 0 or t = max. Samples
(200 pl) were transferred to a 1 mm quartz cuvette (Starna Scientific, Hainault, UK). Spectra
were recorded at 4°C between 260 nm and 190 nm with 0.2 nm intervals and 20 nm/min
continuous scanning using a J-185 CD spectropolarimeter (JASCO Corp., Tokyo, Japan).
Curves generated from the average of three accumulations were manipulated by subtracting
the blank buffer signal and smoothened using a means-movement function with a
convolution width of 20 data points. Data are shown as mean molar ellipticity (6).

Ap42 dimers form soluble, ThT positive assemblies

We previously reported that certain covalently cross-linked AB40 peptides aggregate at
different rates and produce different structures than the AB40 monomer (29). Here we
focused on AB42 dimers containing the only cross-links that could occur in nature; and
studied these dimers alongside AB42 monomer (Figure 2). Homogenous solutions of
monomer or dimer were isolated using SEC (Supplementary Figure 3), adjusted to the
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required concentration and immediately used. It should be noted that relative to globular
protein standards both A monomers and dimers elute anomalously from SEC (45), whereas
relative to linear dextran standards monomers and dimers elute with predicted molecular
weights within 10% of their actual mass. Further, in prior studies QLS analysis of peak
fractions such as those in Supplementary Figure 3A-C were shown to be comprised of low
molecular weight species consistent with AB monomer and dimers (29, 46).

Initially aggregation was investigated by monitoring the evolution of material capable of
binding ThT (43). Because our experiments require the simultaneous SEC isolation of
peptides and we had access to only 2 FPLCs, experiments were undertaken such that each
dimer was directly compared versus monomer, and each dimer was studied alongside
monomer in at least 3 separate experiments. The kinetic traces for 6 separate AB(M1-42)
experiments demonstrate the high reproducibility of this method (Supplementary Figure 5).
Indeed, in experiments using different peptide batches analyzed more than 1 year apart the
aggregation profiles of AB(M1-42) and [AB(M1-42)]q.x were remarkably similar (compare
Figure 2 and Supplementary Figure 7).

In all experiments, monomer and dimers aggregated in a highly concentration-dependent
manner (Figure 2). AB(M1-42) aggregation had 4 distinct phases: (1) an interval during
which no change in ThT fluorescence was detected, (2) an initial relatively slow phase of
increased ThT fluorescence, (3) a rapid increase in ThT fluorescence, and (4) a plateau
during which ThT fluorescence remained relatively constant (Figure 2A and Supplementary
Figure 6). [AB(M1-42)]q.k exhibited a similar kinetic profile to AB(M1-42), but at the 3
concentrations tested the lag was significantly shorter for Q-K vs. monomer, and the
maximal rate of aggregation was slower for Q-K than monomer. The kinetic profile of
[AB(M1-42)]piy was more variable than that of the other peptides. At 2.5 uM and 5 uM,
[AB(M1-42)]pijy had a 4-phase profile reminiscent of Ap(M1-42), but at 10 uM at least 5
phases were obvious (Figure 2B). As with AP40 peptides (29), [AB(M1-42)]piy had the
longest lag and slowest growth phases, but attained the highest maximal fluorescence (Table
1). These results indicate that end products of the 3 peptides are significantly different and
that the relative rates of the underlying microscopic steps is affected by the cross-links.

Although widely used to monitor protein aggregation, the molecular interactions between
ThT and protein aggregates, and how this results in a shift in ThT fluorescence are not fully
understood (47-50). Thus the differences in intensities observed for the 3 peptides could
reflect different modes of ThT binding to different types of aggregates (51, 52) and
differences in fluorescence quantum yield due to the local environment of the bound dye. To
exclude the possibility that the presence of ThT interferes with the aggregation reaction and
contributed to the differences in intensity between Ap(M1-42), [AB(M1-42)]pjy and
[AB(M1-42)]q-k, we directly compared the aggregation of peptides using both our standard
continuous ThT assay versus a semi-continuous ThT assay. For the latter, samples were
incubated without dye and only mixed with dye after certain incubation periods
(Supplementary Figure 7). Both the continuous and semi-continuous assays produced
similar kinetic curves indicating that the continuous presence of ThT did not unduly
influence the aggregation of AR monomers and dimers. In addition, we used CD to
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investigate the secondary structure of aggregates formed in the absence of ThT. In all cases
the aggregates contained appreciable extents of B-structure (Supplementary Figure 8).

Thereafter we investigated the physical properties of both end-point and intermediate-time
point aggregates. An issue of particular importance is relative solubility. In the context of
amyloid proteins all Ap species, from monomers through large fibrils, are soluble. However,
AP species are often differentiated based on an operational definition, that is, whether they
can be sedimented at a chosen centrifugal force (2). In these experiments we determined if
the end-point aggregates that give rise to maximal ThT fluorescence could be sedimented by
centrifugation at 16,000 g for 30 min. As expected, centrifugation dramatically reduced the
fluorescence signal of AB(M1-42) t = max. For instance, when the t = max 10 uM samples
from 3 separate experiments were analyzed before and after centrifugation, ThT
fluorescence was reduced by a massive ~96% (Figure 3A), in line with the low
concentration of monomer remaining in solution at the end of the process (43). In contrast,
the fluorescence of end-point dimer samples were not significantly altered by centrifugation
(Figure 3B and C). Thus it appears that ThT-positive aggregates formed by dimers have
relatively lower sedimentation coefficients than those produced from monomer. In separate
experiments samples were spun at 16,000 g for 30 min and then for longer duration and at
higher speeds (100,000 g for 2 hrs). As before when end-stage Ap(M1-42) aggregates were
centrifuged at 16,000 g for 30 min the majority of the ThT signal was sedimented
(Supplementary Figure 7D). In contrast, when end-stage AB(M1-42)]q.k was centrifuged at
100,000 g for 2 hrs the ThT signal in the supernatant was unchanged. For end-stage
[AB(M1-42)]piy the ThT signal in the supernatant was unchanged after centrifugation at
16,000 g, but ~80% of the ThT signal was removed by centrifugation. These results suggest
that aggregates formed by [AB(M1-42)]p;y tend to be larger than those formed by
AB(M1-42)]q.k, but are much smaller than those formed by AB(M1-42).

AB42 dimers form soluble intermediate molecular weight assemblies, whereas AB42
monomer forms meshworks of amyloid fibrils

To examine the extent to which monomer or dimer is consumed and to monitor the evolution
of soluble aggregates we employed analytical SEC (aSEC). Since the 3 peptides aggregated
at different rates we used the results of our ThT experiments to define and study equivalent
intermediate and end-stage points in the aggregation processes. The times used correspond
to t = 0 - immediately following SEC isolation of monomer/dimer, t = % max - the time
required to achieve ~25% of the maximal ThT fluorescence attainable, t =% max - the time
required to achieve half of maximal ThT fluorescence, and t = max - the time required to
achieve maximal ThT fluorescence (Supplementary Figure 4). Prior to aSEC, samples were
briefly centrifuged to remove insoluble aggregates that might clog the column, but otherwise
samples were not manipulated in any way. All peptides exhibited a symmetrical peak at t =
0, that eluted within the included volume. When compared to the elution of unbranched
linear dextran standards Ap monomers (Figure 4A-C) and dimers (Figure 4B and C) eluted
as one would expect from unfolded proteins of ~4.6 and ~9.2 kDa.

The height of each t = 0 peak was set to 100% and changes in monomer or dimer at
subsequent time points expressed relative to this value (Figure 4D). By t = ¥4 max the
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AB(M1-42) monomer peak was reduced by ~80% (Figure 4A). Over time, Ap42 monomer
decreased further such that it could not be accurately measured at t = %2 max and t = max,
and no other peaks were detected. These results imply that the ThT-positive material evident
at t = ¥a max, %2 max and max were pelleted by a 1 min centrifugation, or less likely, adhered
to the gel-filtration matrix. Notably, time-course aSEC demonstrated that the aggregation of
DiY and Q-K dimers proceed in a manner distinct from that of Ap42 monomer (Figure 4).
Both dimers evinced temporal evolution of at least 2 species of higher molecular weight than
dimer: one which eluted in the included volume of the column and another which eluted in
the void volume of the column (Figure 4B and C). At t = %2 max the [AB(M1-42)]piy peak
showed only a very modest decrease and no higher molecular weight species were detected.
By t = % max a peak with a molecular weight greater than the 150 kDa globular standard
was readily detected. At t = max the [AB(M1-42)]piy peak was decreased by ~40% of its
starting t =0 value and the height of the intermediate molecular weight peak was further
increased (Figure 4B, D and E). aSEC analysis revealed a pattern of aggregation for
[AB(M1-42)]q.k that was distinct from both the AB42 monomer and [AB(M1-42)]pjy.
Specifically, [AB(M1-42)]q-k was more rapidly consumed than [AB(M1-42)]pjy (Figure 4C
and D) and more rapidly gave rise to higher molecular weight aggregates (Figure 4C and E).
Interestingly, the elution of the [AB(M1-42)]q.k intermediate molecular weight species
shifted to the left with increasing time — indicating that soluble aggregates detected at t max
were larger than those detected at t = %4 which in turn were larger than those detected at t =
Y (Figure 4C — compare the orange, green and grey chromatograms).

To gain insight about the size of aggregates present at t = 0, ¥ max, %2 max and max,
samples were also analyzed using QLS. This technique is best suited for determining the
size of homogenous solutions, and can only provide qualitative measures of the size
distribution of polydisperse aggregates (50). The auto-correlation function (Supplementary
Figure 9) was used to determine the size distribution of aggregates expressed as the
hydrodynamic radii of scattering particles, and the abundance of each sized particle plotted
as % intensity (Figure 5). As expected, buffer alone produced only small and variable
amount of scattering (Figure 5A and Supplementary Figure 9) — a pattern consistent with the
presence of small amounts of relatively large dust particles that infrequently enter the
illuminated volume. At t = 0 little scattering was evident in any of the peptide solutions and
the autocorrelation functions for the t = 0 peptide samples were indistinguishable from the
buffer control. (Supplementary Figure 9A-C). For AB(M1-42), QLS measurements at /= %4
max indicated the presence of structures with average Rh values of ~70 nm and even larger
assemblies at t = %2 max and t = max (Figure 5 and Supplementary Figure 9). Moreover,
negative contrast EM revealed extensive lattice works of fibrils in the t = max sample
(Figure 6A). Thus, aSEC, QLS and EM demonstrate that AB(M1-42) aggregates rapidly to
form large superstructures of aggregated fibrils.

As with ThT and aSEC, QLS indicates that [AB(M1-42)]q-k and [AB(M1-42)]piy aggregate
in ways decidedly different from AB42 monomer (Figure 5 and Supplementary Figure 9)
with both dimers aggregating to form structures much smaller than the aggregates formed by
monomer (Figure 4 and 5, and Supplementary Figure 9). For [AB(M1-42)]pjy at t = ¥4 max
the most abundant scattering species had an average Ry of ~37 nm. Att = % this shifted to
an Rh ~250 nm and at t = max this increased further to ~500 nm (Figure 5B). In contrast the
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aggregates formed by [AB(M1-42)]q.k tended to be of smaller size than those formed by
[AB(M1-42)]pjy (compare Figure 5C and D) — even at t max the average Ry produced by
[AB(M1-42)]q.k aggregates was only ~92 nm (Figure 5D).

Negative contrast EM on t = max (end-point) samples detected a variety of assemblies.
AB(M1-42) aggregated to form meshworks of fibrils, the extent of which is best appreciated
at low magnification (Figure 6A, left panel). Individual fibril mats often had diameters of >1
UM (Figure 6A) consistent with very high Ry estimates for AB(M1-42) aggregates (Figure
5). At higher magnification lateral association of fibrils into bundles and twisted ribbons are
obvious (Figure 6A, middle and right panels). In contrast, [AB(M1-42)]p;y formed relatively
long (500+ nm) fibrils that showed a lower propensity for lateral association, bundling or
formation of mats (Figure 6B), a finding in keeping with our QLS results which indicated
the presence of aggregates considerably smaller than those detected in the Ap(M1-42)
sample. Significantly, [AB(M1-42)]q.k didn't produce fibrils, rather samples contained
numerous small (10-20 nm) amorphous aggregates (Figure 6C).

In sum, these results indicate that cross-linking of Ap monomer to form covalent dimers not
only has a major effect on the rate of peptide aggregation, but also on the size and structure
of the assemblies formed. Importantly, these conclusions do not rest on a single readout, but
are based on results from multiple orthogonal readouts. Specifically, aSEC, QLS, EM and
ThT/centrifugation experiments confirmed that dimers form aggregates with structures and
solubilities (sedimentation properties) distinct from the mats of amyloid fibrils formed by
AB(M1-42) monomer. In regard to the wider study of protein aggregation our results
illustrate the fact that ThT fluorescence is not specific for fibrils, but that pre-fibrillar
structures can also bind to ThT (53, 54).

Discussion

Dimers of AB are thought to play a role in AD (8, 18, 55). /n vivo there are only two known
mechanisms by which Ap monomers can be covalently cross-linked to form dimers —
generation of an isopeptide bond between GIn15 and Lys16, or by phenolic coupling of
opposing tyrosine residues. Here we show that AB42 dimers bearing these links aggregate to
form relatively soluble assemblies, but not characteristic amyloid aggregates. As expected,
AB monomers form insoluble aggregates of amyloid fibrils, whereas [AB(M1-42)]q.k forms
small amorphous aggregates and [AB(M1-42)]pjy produce soluble individual fibrils.

Aggregation monitored by ThT indicates significant differences in the rates of dimers and
monomer. However, changes in ThT fluorescence provides little insight about the types of
aggregates formed (56, 57). For example, all of the peptides analyzed in this study produced
aggregates with appreciable ThT binding, but only AB(M1-42) formed mats of amyloid
fibrils. Furthermore, aggregates produced by [AB(M1-42)]p;y caused the greatest degree of
change in ThT fluorescence yet even at the highest concentration studied, only ~40% of
[AB(M1-42)]piy dimer was incorporated into aggregates. The higher ThT fluorescence
intensity produced by assemblies formed from lower molar quantities of “substrate” indicate
either that ThT bound to [AB(M1-42)]p;y displays a higher quantum yield, or more ThT was
bound per unit of aggregate than for Ap(M1-42) aggregates.
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EM, QLS and aSEC demonstrate that [AB(M1-42)]piy forms long individual fibrils and
occasional laterally associated fibrils, similar to those produced by [AB(M1-40)]piy (29).
The only other covalent dimer that could exist in nature, A Q-K, has never been studied.
Here we show that SEC-isolated [AB(M1-42)]q.k aggregates (as measured by ThT) in a
manner similar to AB(M1-42), exhibiting a sigmoidal profile and attaining a maximal level
of ThT fluorescence comparable to AB(M1-42). However, Q-K did not form fibrils. EM,
QLS, aSEC and sedimentation demonstrate that [AB(M1-42)]q.k aggregates to form
structures much smaller than those produced by either AB(M1-42) or [AB(M1-42)]piy.
Specifically, by aSEC the estimated size based on globular standards of [AB(M1-42)]q.x
aggregates were ~158-670 kDa, QLS indicated an Ry of ~90 nm and structures visible by
EM had dimensions in the order of ~10-20 nm. Interestingly, a prior study found that
incubation of Ap monomer with transglutaminase led to rapid aggregation, but not
formation of amyloid fibrils (34). Our finding that Q-K does not readily form amyloid fibrils
yet Q-K aggregates produce significant ThT fluorescence has important implications for the
use and interpretation of ThT binding and is congruent with prior studies that found ThT
capable of binding to non-fibrillar protein aggregates (54) and that ThT fluorescence can
vary substantial for fibrils formed by different A peptides and by the same peptides under
different conditions (52).

Under the conditions used, Q-K and DiY dimers formed soluble aggregates, but Ap
monomer did not yield detectable amounts of soluble aggregates on aSEC. A myriad of
publications have reported that both AB40 and Ap42 can form protofibrils (46, 53, 58-62)
and ADDLs (6, 15, 63). However, prior studies that detected protofibrils and ADDLSs did not
begin with homogenous solutions of monomer. Thus, it is possible that trace amounts of
aggregates or chemical impurities (64) retarded aggregation and facilitated formation of
protofibrils/ ADDLSs. In this regard it is important to note that in all reports using well-
defined SEC-isolated monomer, aggregation proceeds much more rapidly and at lower
concentration (29, 41, 43, 65-69) than in experiments in which Ap was solubilized using
organic solvents. For instance, in all published reports on protofibrils/ADDLS, peptide
powder was directly dissolved in solvent or aqueous buffer and incubated at high
concentrations (usually =100 uM) for 1-7 days (6, 15, 46, 53, 58-62). An explanation for the
detection of protofibrils/ADDLSs in such solutions is that certain impurities either accelerate
nucleation or retard elongation — either of which could increase the quantity of smaller
aggregates. In contrast, when homogenous solutions of monomer are used only small
amounts of soluble aggregates are detected (66).

When homogenous solutions of SEC-isolated dimers were used they formed soluble
aggregates. [AB(M1-42)]q.k shows no lag phase and quickly forms small yet very abundant
aggregates. [Ap(M1-42)]p;y aggregates more slowly and forms long individual fibrils,
whereas AB(M1-42) exhibits a lag phase intermediate between [AB(M1-42)]q.k and
[AB(M1-42)]piy, and forms a meshwork of fibrils consuming all of the monomer during its
very rapid elongation phase. The rank order of aggregation was the same for AB(M1-42) and
[AB(M1-42)]piy as we observed for the corresponding AB40 peptides (29), this despite the
fact that the prior Ap40 experiments used polystyrene plates and agitation (29). Moreover, in
preliminary experiments (not shown) conducted under conditions identical to those in the
present study, [AB(M1-40)]q-k aggregated faster than AB(M1-40) whereas [AB(M1-40)]pjy
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aggregated more slowly. As expected the rate of aggregation was faster for AB42 peptides
than their AB40 equivalents.

Although we did not investigate the biological activity of [AB(M1-42)]q.k and
[AB(M1-42)]piy, is has been widely promulgated that small soluble AP aggregates are
likely to be more toxic than large insoluble aggregates (70, 71). Hence, it is tempting to
speculate that Q-K and/or DiY dimers may play a role in AD by producing aggregates that
can readily diffuse throughout the brain. In this regard it is important to note that while we
have taken the first step in investigating dimer aggregation by focusing on structures formed
from a single molecular preparation, future studies should investigate the aggregation of
mixtures of monomers and dimers and should include monomers and dimers with a variety
of disease relevant N- and C-termini (18, 72-74).
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Figure 1. The primary structure of [AB(M 1-42)]pjy and [AB(M 1-42)] .k dimersformed from
AB(M 1-42) monomer

(A) The primary sequence of two AB(M1-42) monomers linked at tyrosine (Y) 10 are shown
using the single letter amino acid code, with the atomic structures around the phenolic bond
shown in the dotted box. (B) The primary sequence of two AB(M1-42) monomers linked via
an isopeptide bond between glutamine (Q) 16 and lysine (K) 17, with the atomic structure
around the isopeptide bond shown in the dotted box. For both dimers individual monomer
chains are shown with N-termini in register, but it is also feasible that one chain could run
from N-terminal to C-terminal, and the other chain C-terminal to N-terminal.
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Figure 2. [AB(M 1-42)]pjy and [AB(M 1-42)] -k form ThT positive assemblies at rates different
to that of AB(M1-42)

SEC-isolated (A) AB(M1-42), (B) [AB(M1-42)]pjy and (C) [AB(M1-42)]q.k were diluted to
10.1 pM with 20 mM sodium phosphate pH 8.0 containing 200 uM EDTA and 0.02% NaN3
and combined with 2 mM ThT to yield a solution of 10 uM Ap and 20 uM ThT. Serial
dilutions of peptide (5 uM and 2.5 pM) were prepared in low binding tubes using phosphate
buffer containing 20 uM ThT. Six, 100 pl replicates of each concentration for a given peptide
were transferred to a 96 well, half-area plate and fluorescence was measured at five minute
intervals (Exs40, Emagg). Curves show high reproducibility between replicates. There is a
concentration dependent effect on lag, rate and extent of ThT fluorescence for all peptides.
As a control, buffer alone containing 10 uM ThT but no A (blank) was also analyzed. Data
shown are representative of a total of 3 experiments. To better appreciate differences in the
early phase of aggregation, data for the first 2 hours are shown in Supplementary Figure 6.
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Figure 3. ThT-positive assemblies formed by [AB(M 1-42)] pjy and [AB(M 1-42)] gk remain in

solution following centrifugation

At the end of each ThT assay, six, 100 pl replicates from each concentration of a given
peptide were pooled and the fluorescence measured (2x 100 ul replicated; EX440, Emagp)
before (colored bars) and after (empty bars) centrifugation at 16,000 g for 30 minutes. Data
displayed are the average of three separate experiments + standard deviation. Signals before
and after centrifugation were analyzed by Student #test and *** represents p < 0.0001.
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Figure 4. Time cour se analytical-SEC revealsthat dimers, but not monomer form soluble
aggregates

Time points determined relative to the degree of ThT fluorescence (see Supplementary
Figure 4 and Table 1) were used to sample and analyze 10 uM preparations of (A)
AB(M1-42), (B) [AB(M1-42)]pjy and (C) [AB(M1-42)]o.k. Samples at t = 0 (black line), %
max (orange line), %2 max (green line) and max (gray line) were centrifuged at 16,000 g for
1 min prior to aSEC. Absorbance at 214 nm was monitored. For all samples, monomer and
dimer peak decreased over time, and for AB(M1-42)]pjy and [AB(M1-42)]q.k, @ new peak
appeared in the (~0.9 ml) or near (~1.3 ml) the void volume. The elution of blue dextran (at
1.1 ml) is indicated by a dashed vertical line. The positions where 66,700, 21,400, 9,890 and
4,440 linear dextran standards elute is indicate with down-pointing arrows, as is the elution
of 17, 44, 158 and 670 kDa globular protein standards. Peak height of monomer/dimer (D)
and intermediate molecular weight aggregates (E) are plotted as a percentage of the
monomer/dimer levels at time zero, which were normalized to a value of 100%. For (D) and
(E) AB(M1-42) is red, [AB(M1-42)]piy is gray and [AB(M1-42)]q.k is blue.
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Figure 5. QL Srevealsthat dimersform lower molecular weight aggregates than monomer
QLS was used as a non-invasive method to determine the population distribution of

detectable aggregates for each peptide. Att =0, t = ¥ max, t =% max, t = max triplicate
sample recordings were made using 10x 10 sec acquisitions in a DynaPro® plate reader. The
average hydrodynamic radii (Ry) for species detected in (A) buffer and preparations of (B)
AB(M1-42), (C) [AB(M1-42)]piy and (D) [AB(M1-42)]q.k are expressed as percentage

intensity detected and labelled with the average Ry is indicated. ND means no signals were

detected.
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Figure 6. Visualization of end-point aggregates of AB(M 1-42), [AB(M 1-42)]pjy and
[AB(M 1-42)] -k display distinct morphologies from one another

End-point samples of (A) AB(M1-42), (B) [AB(M1-42)]piy and (C) [AB(M1-42)]q.k were
used for negative contrast EM. Electron micrographs are representative of 4 - 5 fields of
view from at least two grids per sample. Size bars = 100 nm.
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