1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

> % NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Langmuir. 2012 September 4; 28(35): 12711-12721. doi:10.1021/1a3021436.

AGGREGATION PATHWAYS OF THE AMYLOID B(1-42) PEPTIDE
DEPEND ON ITS COLLOIDAL STABILITY AND ORDERED -
SHEET STACKING

Dianlu Jiang, Iris Rauda, Shubo Han*, Shu Chen, and Feimeng Zhou"

Department of Chemistry and Biochemistry, California State University, Los Angeles, Los
Angeles, California 90032, USA

#Department of Natural Sciences, Fayetteville State University, Fayetteville, NC

Abstract

Amyloid g (Ap) fibrils are present as a major component in senile plaques, the hallmark of
Alzheimer’s disease (AD). Diffuse plaques (non-fibrous, loosely packed Ap aggregates)
containing amorphous AP aggregates are also formed in brain. This work examines the influence
of Cu2* complexation by AB on the aggregation process in the context of charge and structural
variations. Changes in the surface charges of AB molecules due to Cu?* binding, measured with a
zeta potential measurement device, were correlated with the aggregate morphologies examined by
atomic force microscopy. As a result of the charge variation, the “colloid-like” stability of the
aggregation intermediates, which is essential to the fibrillation process, is affected. Consequently
Cu2* enhances the amorphous aggregate formation. By monitoring variations in the secondary
structures with circular dichroism spectroscopy, a direct transformation from the unstructured
conformation to the B-sheet structure was observed for all types of aggregates observed
(oligomers, fibrils, and/or amorphous aggregates). Compared to the AB aggregation pathway in
the absence of Cu?* and taking other factors affecting Ap aggregation (i.e., pH and temperature)
into account, our investigation indicates that formations of amorphous and fibrous aggregates
diverge from the same B-sheet-containing partially folded intermediate. This study suggests that
the hydrophilic domain of AR also plays a role in the AR aggregation process. A kinetic model
was proposed to account for the effects of the Cu2* binding on these two aggregation pathways in
terms of charge and structural variations.

1. INTRODUCTION

Amyloid B (Ap) peptide deposits are associated with the neuropathology of Alzheimer’s
disease (AD).1~> While A fibrils are a main component in senile plaques, there exist the
diffuse plaques in AD-afflicted brain. Unlike senile plaques, diffuse plaques are composed
of amorphous AP aggregates.® Diffuse plagues have been postulated to be benign and
formed before the formation of AP aggregates of higher orders (i.e., oligomers, protofibrils,
and fibrils containing well-ordered B-pleated sheets).” These higher-ordered AB aggregates,
particularly oligomers, are known to be more toxic than the amorphous aggregates.8-10
Although extensive studies have been carried out 7 vitro on the formation of the “main-
pathway” aggregates (from monomer to oligomers, and subsequently to protofibrils and
fibrils), much less efforts have been devoted to the studies of amorphous aggregate
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formation, which is regarded as an “off-pathway” product. Relatively scant attention has
been paid to the influence of the hydrophilic domain in the AR peptides, which varies
between 39 and 43 amino acid residues but all have the same hydrophilic domain in the first
16 residues, on the overall aggregation behavior. Therefore, it would be of great interest to
know what factors dictate the formation of either type of aggregate, and the mechanisms and
driving force leading to the different aggregates. Such a study may shed light on the
development of effective therapeutic modality.

Recently, there has been a growing interest about the role of metal ions in modulating the
AB aggregation1-18 and in generating reactive oxygen species.1%-23 Consequently the metal
coordination chemistry of AB peptides has been extensively studied.24-30 Such an interest
stems from the fact that abnormally high concentrations of metal ions (Cu?*, Fe3* and Zn?*)
exist within the core and periphery of senile plaques3L: 32 and these metals are found to be
complexed by AB in postmortem AD brain.33 However, regarding the role of Cu* in the A
aggregation, conflicting results have been reported. While some studies have shown that
copper ions can expedite AB aggregation,11-13 others suggest that they could inhibit AR
aggregate formation.14: 34 Recent studies have shown that the morphology of metal-induced
AB aggregates is largely amorphous.14-18 Most of the ionizable residues in the Ap peptide
are not in the p-strand domains that are commonly believed to be responsible for the fibrous
core formation. Rather, they are located either in the hydrophilic domain or in the hairpin
loop.3 In addition, the copper binding sites are also in the hydrophilic domain. The
hydrophilic domain is more accessible to aqueous solution and the overall surface charge of
AP consequently can be significantly affected by solution pH and metal binding. The fact
that amorphous AP aggregates are formed at pH 5.5, a value close to the isoelectric point of
AB (pl),14 36 suggests the important role of charge variation in the Ap aggregation process.
Factors (e.g., pH, Ap monomer concentration, temperature, and ionic strength of the
solution) that are known to affect AR aggregation, however, have not been considered in the
context of the charge states of the peptide, the kinetics of B-sheet formation and stacking,
and the colloidal stability of monomers and soluble oligomers. AR point mutations
associated with early onset AD wherein negatively charged Glu-22 and Asp-23 are replaced
by neutral (glutamine or asparagine), hydrophobic (glycine), or positively charged (lysine)
residues were found to aggregate faster, possibly suggesting a link of the surface charges to
the pathological effect of AR peptides.3” Alteration of the net charge on the A peptide3’
may consequently accelerate the AP aggregation and trigger the onset of the disease.
Similarly, the structural change in the hydrophilic domain of AP (amino acid residues 1-16)
caused by Cu?* binding could impose/alleviate steric hindrance to B-sheet stacking of the
hydrophobic domains, a step believed to be essential for A fibrillation.38

What are the factors determining the morphologies of Ap aggregates under different
experimental conditions? We hypothesized that charge and structural variations upon copper
binding and pH change affect both the colloidal stability of the aggregation intermediates
and the kinetics of the overall aggregation process. In this work, we measured the effects of
Cu?* binding on the charge variation of AB(1-42), which is the more aggregation-prone
variant among the various Ap peptides, and correlated the charge variation to the
morphologies of the aggregates. We also studied the secondary structure transformation
kinetics in the aggregation process. Based on the experimental results and considering the
thermodynamic stabilities of the various intermediates and products, we proposed a two-
pathway aggregation mechanism that takes into account of the charge effect, the role of the
AB(1-42) hydrophilic domain, and the kinetics of p-sheet formation and stacking.
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2. MATERIALS AND METHODS

2.1 Sample Preparation

AB(1-42), in the lyophilized form, was either purchased from American Peptide Company,
Inc. (purity 97%, containing trifluoroacetate as the counter ion) or generously donated by
Dr. C. Glabe (University of California-Irvine). All other chemicals were obtained from
Sigma-Aldrich, unless otherwise stated. To ensure that no substantial aggregation occurs and
to rid the solution of any aggregates, AB(1-42) samples were routinely prepared using a
protocol similar to those developed by Teplow and coworkers.3? Briefly, the AB(1-42)
solution was freshly prepared with 20 mM NaOH to a final concentration of 0.5 mM. The
solution was then sonicated for 1 min and kept at room temperature for 5 min to completely
dissolve the sample. This was followed by centrifuging at 13,000 rpm for 20 min to remove
any aggregates that might have formed in the solution. The supernatant was used as the
stock solution. Prior to each experiment, aliquots of the 0.5 mM stock solution were diluted
with 10 mM phosphate buffer (pH 7.4 or 6.6) to 25 M. Since it is generally believed that
Cu?* binds to AB(1-42) in a 1:1 stoichiometry,40-42 the Cu2* concentration was also kept at
25 wM. Throughout the work, 1 mM CuCl, dissolved in 1 mM H,SO, was used as the Cu?*
stock solution. All the aqueous solutions were purified using deionized water (Millipore, 18
MQ cm).

2.2 Atomic Force Microscopy

AFM images were obtained on a PicoScan SPM microscope (Agilent Technology Inc.,
Phoenix, AZ) equipped with a magnetic alternating current mode. We have used it to
measure aggregates and intermediates formed with a-synuclein and SMA proteins.*3: 44 For
imaging, NiZ*-treated mica slides were used as the substrate to electrostatically attract
negatively charged aggregates to the surface. Treatment of the mica surface with NiZ*
involves freshly cleaving mica slides and immersing them in 20 mM NiCl, for 15 min,
followed by thoroughly rinsing with deionized water and drying with N». Aliquots of Ap(1-
42) or AB(1-42)/Cu?* solutions were taken out at a predetermined incubation time, dropped
onto the Ni2*-treated mica, and kept in contact with the surface in a humidified chamber for
10 min. The slides were then thoroughly rinsed with water to remove salt, and then dried
with N,. Substrates immersed in AB(1-42)-free solution were also imaged as controls.

2.3 Circular Dichroism Spectroscopy

CD spectra were collected on a J-810 spectropolarimeter (Jasco Inc., Japan) at room
temperature in a cuvette with a 0.1-cm path. The spectra were recorded at a 0.5-nm interval
from 260 to 190 nm. Each spectrum is the average of eight scans. The kinetics of p-sheet
formation was studied by plotting the ellipticity values at 197 nm (characteristic of the
unstructured conformation) and at 217 nm (characteristic of the B-sheet structure) against
the incubation time. The CD spectroscopy measures the soluble or dispersed species. During
incubation, large aggregates could sink to the bottom of the cuvette out of the detection
window, resulting in a loss of the CD signal. For consistency, before each measurement, the
cuvette was thoroughly shaken and sonicated for 30 s for better dispersion.

2.4 Zeta Potential Measurement

AB(1-42) or AB(1-42)/Cu?* solutions were loaded in zeta potential cells and the potential
values were measured with a Zetasizer Nano ZS instrument (Malvern Instruments Ltd, UK).
During aggregation the potential was found to be stable within ca. 6 h. The potentials
reported are the average potentials measured in the first 6 h.
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2.5 Thioflavin T (ThT) Assay

The AP(1-42) aggregation process was also studied using the ThT assay. At different
incubation time points, 20 pL of 25 uM AB(1-42) incubated with and without Cu?* (25
M) in 10 mM phosphate buffer were withdrawn and added to 180 pL of a 10 mM
phosphate buffer (pH 7.4) solution containing 20 uM ThT. Fluorescence was measured
using a Fluorolog 3 spectrofluorometer (Horiba Jobin Yvon, Edison, NJ) with slit widths of
2 nm and excitation and emission wavelengths at 450 and 480 nm, respectively. Each data
point is the average of three replicate measurements.

3. RESULTS

3.1 Cu?*-Binding and Solution pH both Alter the Charge State of AB

The tendency for a protein or peptide to aggregate is dependent on its colloidal stability in
solution.*> When the adhesive force between two or more peptide molecules is less than the
cumulative repulsion between them, the molecules are considered to be “stable” in
solution.*® In terms of electrostatic interactions and solvation, peptides or proteins can be
regarded as colloidal particles whose stability is highly dependent on their mass-to-charge
ratio and ionic strength of the solution. As the sizes of the Ap(1-42) monomer and
especially the B-sheet-containing oligomers are comparable to small colloidal particles,*®
experimental conditions affecting colloidal particle stability can become important to the
APB(1-42) aggregations. Since pl of AB(1-42) is ca. 5.5%, its charges are subject to pH
variation in solution. Complexation with metal ions (e.g. Cu*) also changes the overall
charge state of the peptide. These factors will affect the colloidal stability and aggregation
behavior. To our surprise, there has been no report on how the pH variation and Cu?*
binding affect the overall peptide charge, the aggregation kinetics, and the aggregate
morphologies of Ap(1-42).

Zeta potential indicates the degree of repulsion between adjacent, similarly charged particles
in a dispersed solution. For molecules and particles that are small enough, a high zeta
potential will confer stability, i.e., the solution or dispersion will resist agglomeration. We
determined zeta potentials of AB(1-42) and AB(1-42) complexed with Cu?* at different pH.
Stable zeta potentials are shown in Table 1. The zeta potentials of AB(1-42) at pH 7.4 and
6.6 indicate that AB(1-42) is negatively charged. As pH approaches 5.5, the zeta potential
becomes less negative. Stability of the AB(1-42) monomer and its oligomers at pH 6.6
decreases with respect to that of their counterparts at pH 7.4. As a result, the agglomeration
process is accelerated and amorphous aggregates are predicted to form before unstructured
AB(1-42) monomers (analogous to “random coils”) or B-sheets in the partially folded AB(1-
42) oligomers are orderly assembled or stacked. Similarly, Cu2* complexation by Ap(1-42)
also decreases the zeta potential (Table 1), and consequently the colloidal stability decreases
and the amorphous aggregate formation is predicted to be more predominant.

3.2 Decrease in Charges via Copper Complexation Inhibits AB(1-42) Fibrillation But
Accelerates Amorphous Aggregate Formation

Although the acceleration of the AP aggregation by metal ions has been reported by several
studies, 1 12 most studies did not differentiate the morphologies of the aggregates formed
with and without metal ions and correlate morphologies with secondary structures. A few
AB(1-42) oligomers with a height of 1-2 nm generally formed at the beginning of the
incubation in the presence (Figure 1A) and absence of Cu* (Figure 1F). After 12-h
incubation at room temperature in the presence of Cu?*, oligomers appear together with a
large number of amorphous aggregates (Figure 1B). This is in sharp contrast to a Cu2*-free
solution in which globular oligomers became more abundant (Figure 1G). The heights of
these amorphous aggregates are 20—100 nm and their diameters range from 10 to 200 nm.
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As time elapsed (~24 h), most of the oligomers in the absence of CuZ* appear to be
converted into protofibrils with heights of 2-8 nm and lengths up to 400 nm (Figure 1H). A
closer examination of the morphology of these protofibrils reveals that there exist the typical
4-5 nm high “aggregation units” (the smallest particles containing ordered B-sheet
structures) observable for amyloidogenic proteins.4’~4° Surprisingly, a similar incubation of
the CuZ*-containing solution produced almost exclusively amorphous aggregates (Figure
1C). The amorphous aggregates persisted even when the incubation was prolonged to 96 h
(Figure 1D). The amorphous aggregates remain essentially the same after further incubation
(Figure 1E). Although there is some variability in determining the sizes of the amorphous
aggregates due to interaction of AFM tips with the sticky soft aggregates, amorphous
aggregates were routinely observed. In contrast, incubation of the Cu2*-free AB(1-42)
solution over an extended period of time (e.g., 96 h) yielded fibrils that are as long as a few
microns (Figure 1J). Cross-sectional contours of typical fibrils (Figure 1J) revealed that the
aggregate heights are 4-5 nm with the “aggregation units” on top of the fibrils (indicated by
arrows).

3.3 Lowering Solution pH Close to the AB(1-42) Isoelectric Point Decreases AB(1-42)
Charges and Favors Amorphous Aggregation

To probe whether the amorphous aggregate formation is solely attributable to the Cu2*
complexation, the AB(1-42) aggregation process in the presence of Cu2* was compared to
that in a Cu*-free solution at pH 6.6. Such a pH value is closer to the pl of Ap (5.5%7) than
the physiological pH used in the aforementioned experiment. Initially, only oligomers were
formed in both solutions with sizes and morphologies (Figure 2A and Figure 2D) analogous
to those observed at pH 7.4. (cf; Figure 1A and Figure 1F). In the Cu?*-containing solution,
12-h incubation led to the formation of large, conglomerated amorphous aggregates (Figure
2B). Extending the incubation time up to 168 h produced more amorphous aggregates but no
fibrils (Figure 2C). As for the Cu*-free AB(1-42) solution, after a 12-h incubation,
protofibrils were found to be intermingled with amorphous aggregates (Figure 2E). A
prolonged incubation produced more amorphous aggregates (Figure 2F), but unlike the case
of pH 7.4 (cf. Figure 1H and Figure 11), no fibrils were found. Our observation of
amorphous aggregates at pH 6.6 without Cu2* is consistent with the findings by Wood et al.
who produced amorphous aggregates by incubating Ap(1-40) at pH 5.8.50 Thus it is
apparent that lowering the solution pH and adding Cu2* into the AB(1-42) solution both
facilitate the amorphous aggregate formation. We excluded the AB(1-42) concentration used
from being responsible for the low fibril abundance, as 25 M is higher than the threshold
concentration required for fibrillation (~10 wM 51).

3.4 Temperature Increase Favors Fibrous Aggregate Formations

We also studied AB(1-42) aggregation in both Cu2*-containing and -free solutions at 37°C
(the physiologically relevant temperature), and compared the results to those observed at
25°C. In line with the general trend observed from Cu2*-containing Ap(1-42) solutions at
25°C (Figures 1A-E), no fibrils emerged (Figures 3A-D). The amorphous aggregates
coexisted with oligomeric species throughout this incubation period. However, the density
and size of the amorphous aggregates are both smaller than those formed at 25°C. This
observation suggests that a higher temperature may have slowed down the formation of
larger amorphous aggregates. It is possible that the higher temperature enhances the thermal
motion and/or solubility of oligomeric species, preventing larger aggregates from being
produced. As expected, time-lapse AFM images collected from a Cu2*-free Ap(1-42)
solution showed globular oligomers at the beginning of the incubation (Figure 3E) and
protofibrils and fibrils at later times (Figures 3F and 3G). Although the morphologies of
these aggregates are similar to those shown in Figures 1F-I, the time required to form fibrils
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is significantly shorter. Notice that the density of fibrils in Figure 3G is greater than that in
Figure 11, even though the former was produced within a shorter time frame.

The fibril formation has been known to be a highly cooperative process.®? In the case of
AP(1-42), recent studies have suggested that partially folded dimers and/or low-molecular-
weight oligomers are energetically favored, and the stacking of the p-sheets of these
intermediate aggregates must be in-register or self-complementary.3> 53 Based on our
observation, it is apparent that the in-register stacking, generally accepted as the rate-
determining step throughout the fibrillation process,3®: %4 is more dependent on temperature
than the process (pathway) responsible for the amorphous aggregate formation.

To assess the cumulative effects of lower pH and higher temperature on the Ap(1-42)
aggregation, we also sampled aggregates from Cu?*-containing (Figures 4A-E) and -free
(Figures 4F-J) AB(1-42) solutions at pH 6.6 and 37°C. Again, the presence of Cu?* resulted
in the exclusive formation of amorphous aggregates, some of which were agglomerated into
larger pieces (Figure 4D). Similar to the experiment conducted at a higher pH (¢f. Figure 3),
protofibrils and fibrils are predominant in the absence of Cu* (Figures 4F-J). A comparison
between Figures 4F-J and Figures 3E-G clearly reveals that, at a higher temperature and in
the absence of Cu2™, fibril formation is favored. A point noteworthy is that small amorphous
aggregates were also present (e.g., those denoted by the arrows in Figures 4G-J). The
coexistence of amorphous and fibrous aggregates suggests that there exist two competing
aggregation pathways. A significant finding from our experiments is that, as long as Cu?* is
present, amorphous aggregates will be always the major, if not sole, form.

3.5 Amorphous AB(1-42) Aggregates also Contain the B-sheet Structure

Although AFM is a powerful technique for determining the aggregate morphology, it is
difficult to use the data to extract structural information at the molecular level. Moreover,
the AFM resolution is limited to the observation of large intermediates and/or aggregates
typically formed at later stages of the aggregation. To gain insight into the initial stage of the
aggregation process, we resorted to circular dichroism (CD) spectroscopy to study the
transition of the natively unstructured Ap(1-42) monomers to species possessing secondary
structure(s). CD has been used in the past °>-57 to glean information about the secondary
structures of AB(1-42) and its aggregates. For example, Kirkitadze et a/. showed that -
amyloid undergoes a gradual transition from the natively unstructured state to oligomers in
the a-helical conformation and ultimately to B-sheet-rich aggregates.>® Such a transition has
also been demonstrated to be highly dependent on the experimental condition. In the
presence of Cu2*, how the secondary structure of the CuZ*-containing AB(1-42) evolves and
whether there exists any difference in the secondary structure between the Cu2*-containing
and CuZ*-free AB(1-42) solutions have not been investigated in detail.

Figure 5A is an overlay of CD spectra from Ap(1-42) solutions (pH = 7.4, 25 °C) that had
been incubated for different lengths of time. The appearance of the peak at 197 nm
(characteristic of the unstructured conformation) and the absence of a peak at 217 nm
(characteristic of the B-sheet structure) confirm that the Ap(1-42) monomers are essentially
unstructured. After 7 h, the peak at 197 nm became difficult to discern. The peak at 217 nm
grew continuously at the expense of the peak at 197 nm, suggesting that there was a
transformation from the unstructured Ap(1-42) monomer to a structure rich in p-sheets.
Such a transformation is also reflected by the presence of an isodichroic point at ~ 206 nm.
Recall that the AFM image of the solution incubated for 7 h shows globular Ap(1-42)
oligomers as the predominate aggregate (c7. Fig. 1G). Thus, these Ap(1-42) oligomers must
possess the B-sheet structure and the solution sampled after 7 h of incubation comprised
both AB(1-42) monomers and oligomers or even some higher-ordered structures. The
abundance of protofibrils and fibrils at longer incubation times (¢f. Figures 1H and 11,
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respectively) are consistent with the quantity of the p-sheet-containing structure(s) (Fig. 5A)
for the similar time intervals. Therefore, most, if not all, of these structures shown by curves
labeled with 26 and 148 h are in the forms of protofibrils and fibrils. A point worth
mentioning is that the isodichroic point is indicative of the presence of only two
conformations (secondary structures) in solution at any given time. This observation is
consistent with a previously reported finding.>8 Therefore, it appears that between 0 and 7 h,
the monomer species (natively unstructured) always co-existed with one or more p-sheet-
containing aggregate(s), viz., oligomer, protofibril and/or fibril.

Having characterized the AB(1-42) aggregates at different stages, we turned to the CD
spectra of Ap(1-42) aggregates formed in the presence of CuZ* (Figure 5B). While the
overall spectra and the position of the isodichroic point are comparable to those in Figures
5A, the higher initial ellipticity value at 197 nm in Figure 5B suggests an accelerated
conversion of monomers to B-sheet-rich structures. This observation is consistent with the
greater number of oligomers shown by AFM in the presence of Cu?* (Figure 1B). A
particularly noteworthy point is that, despite the similarity in the CD spectra between Figure
5A and Figure 5B, aggregates of drastically different morphologies were found by AFM
(i.e., fibrils in Figure 1H vs. amorphous aggregates in Figures 1B and 1E). Thus, we
conclude that, in the presence of Cu2*, the amorphous aggregates must also contain the -
sheet structure. To better represent the gradual evolvement of the B-sheet structure, we
plotted the ellipticity values at 217 and 197 nm vs. incubation time for both Cu2*-free and -
containing AB(1-42) solutions (Fig. 5C). These plots clearly illustrate that at and after ca. 80
h, a conversion of monomers to B-sheet-containing aggregates was complete. Therefore, it
appears that the presence of Cu?* is not unique in transforming the natively unstructured
state of AB(1-42) to the B-sheet conformation. We need to stress that the conventional
definition of “unstructured aggregates” is based on the morphological appearance or lack of
the a-helical and B-sheet structures. Thus the comparability of the CD spectra between
protofibrils/fibrils and amorphous aggregates suggests that the main and off-main pathway
aggregates should be originated from the same p-sheet-containing intermediate. Unlike the
continuous growth of preformed protofibrils/fibrils by incorporating monomers in solution
onto the fibrillar templates,®® the attachment of the monomeric and oligomeric species onto
the amorphous aggregates is random and does not require a “locking” step.>? Our
observation and reasoning are consistent with the following studies. Dobson and coworkers
discovered that formation of the B-sheet structure of a synthetic peptide did not necessarily
lead to fibril formation, and amorphous aggregates could adopt the B-sheet structure.®0
When a point mutation of Ap(1-28) at position 16 (lysine to alanine to annihilate a positive
charge) was made, the resultant amorphous aggregates were shown by X-ray diffraction to
have a B-sheet structure.®1 Takeuchi and colleague reported that AB(1-40) amorphous
aggregates induced by Zn?* and Cu?* at pH 7.4 contain the B-sheet structure. 52 Finally,
precipitation of amorphous aggregate should be partially resulted from the smaller solubility
inherent in a -sheet-containing molecule or species.®3

3.6 B-Sheet Formation and Stacking Kinetics Influence the Morphologies of the Final AB(1-
42) Aggregates

The formation of aggregates of different morphologies is at least governed in part by the
kinetics of the B-sheet formation, the subsequent p-sheet stacking or even the assembly of
the “aggregation units” (small particles containing pleated p-sheets). To correlate the p-
sheet formation kinetics to the morphological changes of Ap(1-42) aggregates, we also
collected CD spectra of AB(1-42) in the absence and presence of Cu?* at different pH
values and temperatures. As summarized in Table 2, in the absence of Cu?*, maintaining the
same temperature while lowering the solution pH to 6.6 accelerates the transformation from
the natively unstructured monomeric species to B-sheet—containing species, with amorphous
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aggregates as the main product. Interestingly, increasing the temperature from 25 to 37 °C
also accelerates the transformation to the p-sheet structure; but fibrils were the ultimate
aggregate. Thus a higher temperature favors the fibrillation process, probably by affecting
the B-sheet stacking kinetics (vide infrd). The “aggregation units” in AFM images (cf.
Figure 1c) are known to be rich in B-sheets 47> 64,65 and the fast conversion of Ap monomer
into the more stable “aggregation units” shifts the equilibrium to a p-sheet-containing
aggregate.

The B-sheet content does not appear to be quantitatively related to fibril aggregates.
Although the B-sheet formation and stacking is a prerequisite for the fibril formation,
samples that displayed a p-sheet CD peak can also proceed to the amorphous aggregate, as
demonstrated by the correlation of our CD data to AFM images. Overall, it is clear that the
[B-sheet structure is not unique to amyloid fibrils, and other forms of aggregates such as the
amorphous aggregates can also contain B-sheet structure(s). 0

It is worth emphasizing that the p-sheets referred here are the secondary structure identified
by CD spectroscopy, which is not necessarily detectable with the ThT assay. The ThT assay
detects the orderly stacked p-sheets, which tend to be formed at later stages of the
aggregation process and might not obvious in solution populated by amorphous aggregates.
Indeed, incubated under the same condition as in Figure 5, an Ap(1-42)-only solution gave
rise to the ThT fluorescence during the aggregation process, while the AB(1-42) solution
mixed with Cu2* did not enhance the ThT fluorescence (Figure S1).

4. DISCUSSION

From our findings, it is clear that Ap fibrillation and amorphous aggregate formation are two
competitive pathways governed by experimental factors such as Cu2* binding, pH, and
temperature. Eisenberg and coworkers proposed three consecutive processes during the
fibrillation of a small peptide, GNNQQNY?38, viz, the alignment of B-strands to form a p-
sheet, followed by self-complementation of two B-sheets 3% 52 to yield a pair of sheets, and
culminated by interaction of these sheets to form fibrils.38 Aggregation of AB(1-42) in the
presence of Cu2* to the amorphous form is a direct result of the impact of copper
complexation on these processes. The effect of Cu2* complexation can be rationalized by
considering factors such as the peptide surface charges and steric hindrance of the
hydrophilic domain to the B-sheet stacking.

Taken together, the overall aggregation processes can be schematically shown in Figure 6.
One AB(1-42) monomer combines with another via hydrogen bonding to produce a dimer or
with more molecules to form a partially folded oligomer (e.g. tetramer, pentamer, etc).
Glabe’s group identified stable dimers of AB(1-40) and proposed that dimerization is the
initial event in amyloid aggregation.®8: 7 Hilbich et a/. reported that the -sheet
conformation is inherent in dimers of Ap(1-42) and AB(1-43), and addition of salt to the
incubation solution produces amorphous precipitates with B-sheets. 68 The fact that our CD
spectra revealed the B-sheet structure in solutions containing different aggregates is
consistent with these observations. The B-sheet formation has been noted as a rapid
process,38: 52 and requires that B-strands from two or more AB molecules align via
intermolecular hydrogen bonds. Ap(1-42) dimers or partially folded oligomers can fold into
a hairpin motif (see Figure 6) encompassing residues 23-29, and intermolecular hydrogen
bonding of B-strands of two Ap(1-42) molecules at residues 18-26 and 31-42 constitute
two B-sheets.3> 53. 69 The resultant structure is stabilized by hydrophobic side-chain
interactions between two p-sheets (i.e., p-sheet stacking). On the other hand, the emergence
of the B-sheet-stacked hairpin-structured intermediate is a slow process.’® The fact that CD
spectra of both amorphous and fibrillar aggregates exhibit the B-sheet characteristics
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suggests that monomer (which is unstructured) should not be the origin of these aggregates.
Also, once most intermediates are converted into stacked B-sheet oligomers, no substantial
energy barriers exist to prevent them from growing into fibrils (in fact the hydrophobic
interaction between adjacent p-sheets will help dehydrate the otherwise unstable oligomers
or intermediates). Given the relative kinetic barriers for the different steps, it is reasonable to
consider that the two aggregation pathways diverge mainly from the same partially folded p-
sheet structures/intermediates (e.g., dimer and small oligomers).

Under certain experimental conditions, the p-sheet-containing dimers or partially folded
oligomers, before developing into the hairpin-like B-sheet stacked structure, can coagulate to
form amorphous aggregates (Figure 6). This is a route (“off-pathway”) that competes with
the main pathway, since folding of A molecules and the subsequent “in-register” stacking
of B-sheets are not kinetically favored. A higher activation energy barrier has been noted by
Eisenberg and coworkers,38 since this process involves a decrease in entropy and
dehydration of the two B-sheets. Sciarretta ef a/. reported that bridging residues Asp-23 and
Lys-28 of AB with a lactam group dramatically expedites the fibril formation.”® This further
supports our suggestion that formation of a salt bridge between Asp-23 and Lys-28 and
stacking two B-sheets in the hairpin configuration (see Figure 6) must be sluggish. That
incubating AP solutions at a higher temperature favors the main pathway (fibrillation)
further demonstrates that the p-sheet stacking (or the formation of nuclei) is the rate
determining step. The stability of the unstacked B-sheet intermediates is the key factor
determining the final aggregate form or pathway (i.e., fibrils vs. amorphous aggregates).
From thermodynamic point of view, the fibrous aggregates should be more stable than
amorphous counterparts. Eventually, amorphous aggregates should transform to the fibril
counterpart. But within our experimental timeframe, such a transformation was not
observed.

Now it becomes conceivable that deviation from the main aggregation pathway is also pH-
and temperature-dependent. At pH 6.6 and 25 °C, AB(1-42) produced predominantly
amorphous aggregates. At the same pH but an elevated temperature (37 °C), a mixture of
fibrils and amorphous aggregates was observed, though the former are more abundant (cf.
Figures 4F-I). The production of amorphous aggregates is in common with the coalescence
of colloidal particles, a process dictated by the electrostatics and intermolecular interaction
such as the Van der Waals force. Analogous to the colloidal system, electrostatic repulsion
between charged protein or peptide side chains creates a kinetic barrier to the coalescence of
these molecules. In general, such a barrier is not high and can be easily overcome by thermal
energy. Thus, for proteins or peptides that are not highly charged, they will randomly
approach to one another and interact via intermolecular interactions, leading to amorphous
aggregates.

At 25 °C, lowering the pH of the incubation solution decreases the net negative charges on
AB(1-42), as evidenced by the zeta potential decrease (Table 1). As a consequence, the
colloidal stability of AB(1-42) monomers and partially folded oligomers is decreased. Such
instability hastens the formation of amorphous aggregates containing partially folded p-
sheet structures and the conversion from the unstructured conformation to the p-sheet
conformation. This explains why CD spectra displayed faster transformation from the
unstructured to the p-sheet conformations (¢f. Table 2). Again, the dimers and oligomeric
species will combine randomly and rapidly, leaving little time for the hairpin structure
formation and the ordered B-sheet stacking.38: 79 As contrasted by the AFM images
collected from samples incubated at two different pH values (Figures 1F-I and 2D-F),
fibrillation gives way to the amorphous aggregate formation as the pH value is lowered. For
AB(1-42) solution incubated at neutral pH, an increase in temperature can augment the rate
at which p-sheet stacking proceeded and facilitate the fibrillation (Table 2 and Figures 1 and
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3). In other words, the equilibrium shown in Figure 6 is favored in the direction of the main
(fibrillation) pathway at an elevated temperature

A rather unique situation was encountered when the incubation pH was lowered (6.6) but the
temperature was raised (37 °C). Under such a circumstance, the lower pH annihilates the
AP(1-42) surface charges to help accelerate the amorphous aggregate formation, while the
higher temperature facilitates the B-sheet stacking and favors the fibrillation process. The net
effect is that the rates of the two competing processes (Figure 6) become comparable,
producing a mixture of globular oligomers and amorphous aggregates (Figure 4B-E). The
facts that AB carries a substantial amount of charges’? at very low pH (where Ap becomes
positively charged) and highly charged peptides’2 assemble solely to fibril aggregates lend
further support to our model.

The most interesting observation in our work is that the presence of Cu2* in the incubation
solution tips the aggregation process to the direction of amorphous aggregate formation. As
reflected by Table 2, this effect is so pronounced that the effect of temperature on the
fibrillation process (vide supra) is overwhelmed. At neutral and slightly acidic pH, electron
paramagnetic resonance and fluorescence spectroscopy have shown that Cu?* is bound to
A.42: 73 Using high-resolution mass spectrometry and voltammetry, we identified the
oxidation state of copper in AB(1-42) to be 2+.40 Thus, incorporating Cu?* in the more
exposed hydrophilic domain of Ap(1-42) neutralizes some negative charges on Ap(1-42)
(Table 1). Neutralization of the surface charges of AB(1-42) by Cu?* binding decreases the
colloidal stability of dimers and partially folded oligomers. Similar to a decrease of solution
pH, the conversion of unstructured monomers by Cu?* complexation to dimers and/or
partially folded oligomers and the combination of these intermediates to produce amorphous
aggregates will be expedited. In fact, the exclusive formation of amorphous Ap(1-42)
aggregates in the presence of Cu2* again suggests that the colloid-like property of peptide is
important in changing the course of aggregation.

The fact that AB(1-42) in the presence of Cu2* did not form fibrils under all conditions
studied suggests that, in addition to the charge variation, Cu?* binding may have also
created other adverse effect on B-sheet stacking. We hypothesize that Cu?* complexation by
AB(1-42) may have inhibited the hairpin structure formation and the follow-up stacking of
B-sheets (Figure 6). Although the exact metal binding sites in AP are still in debate, it is
commonly accepted that the N-terminus and two of the histidine residues (at positions 6, 13
or 14) are involved in the complexation, in addition to an oxygen-containing ligand
(possibly the Glu residue at position 3).41: 73 Notice these four ligands are all located in the
hydrophilic domain of AB(1-42), which wraps around the metal ion.”® Such a spatial
rearrangement may impose greater steric hindrance to the folding of the p-sheets formed
within residues 31-42, further slowing down the p-sheet stacking process. The resultant
effects are a concurrent decrease of surface charges and retardation of p-sheet staking.
Furthermore the intermolecular linking through copper binding’# facilitates the
polymerization and the dynamically unstable low charged, non-ordered stacked oligomers
adhere each other without providing enough time for -sheets to stack. These effects would
favor the “off-pathway” to produce amorphous aggregates.

5. CONCLUSION

We have demonstrated that the fibrillar (main) and amorphous (off) aggregation pathways of
AB(1-42) are affected by Cu?* binding. Detailed spectroscopic and morphological
characterization under different incubation conditions indicate that the deviation from the
main aggregation pathway is modulated by charge and structural variations resulted from the
Cu2* binding. The two competing pathways diverge from the same B-sheet-containing
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intermediates, evidenced by the fact that CD spectra of solutions producing amorphous
aggregates and fibrils both displayed p-sheet-signifying peaks. The amorphous aggregates
are the product of random agglomeration of these intermediates. The more ordered stacking
of these intermediates, on the other hand, leads to ordered oligomers or nuclei, which
subsequently grow into fibrils. The colloidal stability of the partially folded intermediates,
which is also affected by solution pH and temperature, is important in dictating the ultimate
aggregation pathway. Complexation of Cu?* by the hydrophilic domain of AB(1-42), in
addition to decreasing the AB(1-42) surface charge and the stability of the partially folded
AB(1-42) intermediates, could also impose steric hindrance to the ordered p-sheet stacking.
This further tilts the aggregation process toward accumulation of the partially folded
intermediates, leading to the appearance of amorphous aggregates.
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Figure 1.
AFM images of AB(1-42) solutions incubated at pH 7.4 and 25 °C in the presence of Cu?*

for (A) 0, (B) 12, (C) 48, (D) 96, and (E) 168 h and in the absence of Cu2* for (F) 0, (G) 12,
(H) 54 and (I) 96 h. Image J shows a cross-sectional contour of typical fibrils in (). The
scale bars in all images correspond to 400 nm. AB(1-42) concentrations in both the Cu?*-
containing (25 wM) and Cu2*-free solutions were the same (25 uM).
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Figure 2.

AFM images of AB(1-42) solutions incubated in the presence of Cu2* for 0 (A), 12 (B) and
168 h (C) and in the absence of Cu2* for 0 (D), 12 (E) and 96 h (F). The incubation
temperature was 25 °C and pH was 6.6. The scale bars in all images correspond to 400 nm.
AB(1-42) concentrations in both the Cu2* (25 pM)-containing and Cu2*-free solutions were
the same (25 M)
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Figure 3.

AFM images of AB(1-42) aggregates formed via incubation at pH 7.4 and 37 °C in the
presence of Cu2* for (A) 0, (B) 12, (C) 24, and (D) 72 h, and in the absence of Cu2* for (E)
0, (F), 12, and (G) 24 h. Panel H shows the cross sectional contour of a few fibrils
intersecting the green line in (G). The scale bars in all images correspond to 400 nm. The
AB(1-42) and Cu2* concentrations are the same as those for Figures 1 and 2.
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Figure 4.

AFM images of ApP(1-42) aggregates formed in solutions incubated at pH 6.6 and 37 °C for
different times. The top images were obtained from a solution containing Cu?* at (A) 0, (B)
4, (C) 12, (D) 24, and (E) 168 h. The bottom images were acquired from a Cu?*-free
solution at (F) 0, (G) 12, (H) 24, (1) 48 and (J) 96 h. The insets depict the cross sectional
contour denoted by the green line. The scale bars in all images represent 400 nm. Other
experimental conditions are the same as in Figures 1-3.
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Figure 5.

CD spectra of 25 uM AB(1-42) in a (A) Cu*-free solution and (B) 25 wM CuZ* solution
incubated at pH 7.4 and 25 °C for different lengths of time. Panel (C) plots the ellipticity
value at 197 nm (top two curves) and 217 nm (bottom two curves) against incubation time.
The curves with open circles represent CD signals of AB(1-42) in the presence of Cu2* and
the curves with filled circles correspond to those in the absence of Cu?*.
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Figure 6.

A qualitative model showing the two competing Ap aggregation processes (pathways). The
hairpin formation and p-sheet stacking process of the partially folded B-sheet structures is
slow because the corresponding energy barrier is high. This process is significantly affected
by temperature. In contrast, the amorphous aggregation process is a relatively fast process
and largely governed by the colloidal stability of the partially folded structures or oligomeric
species, which are in turn affected by copper binding and pH change.
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Table 1

Zeta potential values of Ap(1-42) and AB(1-42)-Cu?* complex at different pH

Solution pH T(°C) Zetapotential (mV)
4 25 -35.6 +0.4
AB(1-42)
6.6 25 -25.0+0.5
4 25 -26.5+0.3
AB(1-42)-Cu?*
6 25 -22.3+0.6
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Table 2

Aggregates observed in various solutions and time to produce the highest p-sheet content

Solution pH T (°C)

Major Aggregate(s)

Time (hy#

7.4
AB(1-42)
6.6
7.4
AB(1-42)/Cu2*
6.6

25
37
25
37
25
37
25
37

Oligomers and fibrils

Oligomers and fibrils

Largely amorphous aggregates
Amorphous aggregates and fibrils
Amorphous aggregates
Amorphous aggregates
Amorphous aggregates

Amorphous aggregates

70
12
20

# . .
Time for conversion from the unstructured conformation to B-sheet based on the CD spectra
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