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ABSTRACT: A combination of hydrophobic and electrostatic interactions is
important in initiating the aberrant self-assembly process that leads to formation of
toxic oligomers and aggregates by multiple disease-related proteins, including
amyloid f-protein (Af), whose self-assembly is believed to initiate brain pathogenesis
in Alzheimer’s disease. Lys residues play key roles in this process and participate in
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both types of interaction. They also are the target of our recently reported

molecular tweezer inhibitors. To obtain further insight into the role of the two Lys residues in Aff assembly and toxicity, here we
substituted each by Ala in both A40 and Af42 and studied the impact of the substitution on Af oligomerization, aggregation,
and toxicity. Our data show that each substitution has a major impact on Af assembly and toxicity, with significant differences
depending on peptide length (40 versus 42 amino acids) and the position of the substitution. In particular, Lys16—Ala
substitution dramatically reduces Af toxicity. The data support the use of compounds targeting Lys residues specifically as
inhibitors of Af toxicity and suggest that exploring the role of Lys residues in other disease-related amyloidogenic proteins may
help understanding the mechanisms of aggregation and toxicity of these proteins.
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B INTRODUCTION

Alzheimer’s disease (AD) is a progressive, age-related, neuro-
degenerative disorder, which gradually impairs cognitive abilities
and leads to dementia and death. Amyloid plaques, neuro-
fibrillary tangles, neurite dystrophy, synapse loss, and neuro-
degeneration in the cerebral cortex and hippocampus are
pathologic hallmarks of AD." This pathological process is believed
to occur as a result of self-assembly of amyloid f-protein (Af) into
neurotoxic oligomers.2

Several lines of evidence suggest that a combination of
hydrophobic and electrostatic interactions plays a key role in
both Af oligomerization and its further aggregation into
amyloid fibrils. Solid-state NMR studies have shown that in
fibrils Af molecules are organized in parallel f-sheets, in which
each monomer is folded into two f-strands connected by a
turn. Hydrophobic interactions contribute to the stability of the
P-sheets, whereas the turn is stabilized by a salt-bridge between
the side chains of Asp23 and Lys28.°° A similar turn in
monomeric Af has been reported to be the first structural
element observed in Af folding and was proposed to nucleate
Ap folding and assembly,® a suggestion that was supported by
multiple experimental and computational studies.” '® These
data suggest that Lys28 may be a target for therapy. In line with
this idea, recently Lys28 and residues in its vicinity have been
reported to be a common binding site for inhibitors of Af40
toxicity.17

The other Lys residue in Af, Lys16, is adjacent to the central
hydrophobic cluster (CHC, residues 17—21), a key region in
Ap ﬁbrillogenesis,ls’19 yet evidence for its involvement in Af
assembly or toxicity is scarce. Lys16 has been reported to be
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involved in salt-bridges in certain fibrillar structures of AS,****!

whereas other studies suégested that it was predominantly
exposed to the solvent”* and thus available for interaction
with other monomers, cell membranes, or potential inhib-
itors.”* Membrane permeabilization and perturbation has been
suggested as a common toxic mechanism for amyloidogenic
protein aggregates,” including AP Lys residues are likely
mediators of membrane perturbation because they can parti-
cipate in both electrostatic interactions with negatively charged
phospholipid headgroups and hydrophobic interactions be-
tween the lipid hydrocarbon and the n-butylene moiety in the
Lys side chain.**">* Thus, removal of positively charged side
chains from Af through triple substitution of ArgS, Lys16, and
Lys28 for Ala resulted in significant loss of AB40 fibril toxicity
in human embryonic kidney (HEK293) cells.**

Our recent investigation of the molecular tweezer (MT)
CLRO1 showed that the compound effectively inhibited the
aggregation of nine amyloidogenic proteins, including Af40
and Ap42, and rescued cultured cells from the toxic effect of
oligomers formed by these proteins.”> CLRO1 was found to
prevent formation of oligomers recognized by the oligomer-
specific antibody A11°® and to stabilize nontoxic AS oligomers
by binding predominantly to the two Lys residues already in
monomeric AB.*>*” CLRO1 binds specifically to Lys residues by
utilizing a combination of hydrophobic interactions between
the Lys butylene and the side arms of the MT, together with
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Figure 1. Time-dependent changes in CD spectra of Af40, Af42 and their Lys— Ala analogues. 60 #M of each A} analogue was incubated in 10 mM
phosphate buffer, pH 7.4, at 25 °C with constant agitation. CD spectra were acquired for each peptide at the indicated time points.

Coulombic attraction between the &-NH;" group of Lys and the
phosphates of CLRO1, suggesting that both types of inter-
actions the Lys residues normally would participate in are
effectively blocked. To gain further insight into the con-
sequences of blocking the interactions involving the Lys re-
sidues in Af, here we substituted each one separately and
studied the effect of the substitution on the assembly and
toxicity of Af40 and ApB42.

B RESULTS

Secondary Structure Kinetics of WT and Lys—Ala Ag
Alloforms. Circular dichroism (CD) spectroscopy was used to
determine the initial secondary structure and its temporal
change in Af40, AP42 and their Ala-substituted alloforms
during assembly. The three AB40 analogues and Ap42 initially
produced spectra characterized by a minimum at 196—198 nm,
consistent with primarily a statistical coil conformation, and
each gradually transformed into to a spectrum characterized by
a minimum centered at 215—218 nm and a maximum at 196—
197 nm indicating formation of f-sheet (Figure 1). [Alal6]-
AP42 also produced an initial spectrum characteristic of primarily a
statistical coil but upon incubation, two inflections/minima
developed at 208 and 216 nm, suggesting formation of a mixture
of a-helical and f-turn/f-sheet conformations (hereafter referred
to as f-sheet). The initial spectrum of [Ala28]Af$42 did not show
a minimum at 198 nm and rather was characterized by three
inflections, at 198, 204, and 226 nm. With incubation, the
secondary structure of [Ala28]Af342 changed gradually until the
final spectrum showed a minimum at 212 nm and an inflection
at 226 nm, suggesting that in addition to development of
P-sheet, irregular conformations were present to a substantial
extent at all stages of the aggregation reaction (Figure 1).
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To allow quantitative comparison of the contribution of
a-helical, f-sheet, and disordered elements during the confor-
mational transition of the six Af analogues, the spectra were
deconvoluted. The temporal change in each structural element
is shown in Figure 2 and the initial and final secondary
structure content calculated for each peptide are summarized in
Table 1.

Ap40 analogues showed similar initial secondary structure
content comprising 3—7% a-helix, 20—23% f-sheet, and 72—
75% statistical coil. The contribution of a-helix decreased to
zero within the first 24 h in all cases. In WT Ap40, this was
accompanied by an increase in the f-sheet content and a
decrease in statistical coil, which were complete by 24 h. The
conformational transition of [Alal6]AS40 followed a similar
trend but was substantially slower than that of WT A$40 and
appeared to be near completion only by 72 h. The final S-sheet
content in [Alal6]AfB40, 72 + 6%, was notably higher than in
WT Af40, 62 + 6%, or [Ala28]AS40, 61 =+ 3%. The
conformational transition of [Ala28]Af40 was substantially
slower than those of WT Af40 or [Alal6]Af40 and appeared
incomplete at 72 h.

Ap42 showed substantially higher initial S-sheet content
(37 £ 5%) than all other peptides. Within 24 h, the initial 10 +
6 a-helix content decreased to 0 whereas the f-sheet content
increased to 70 + 2% with concomitant decrease in statistical
coil from 52 + 1% to 29 =+ 2%. These values were comparable
to those of [Alal6]Ap40, whereas all other Af analogues had
lower final f-sheet content and higher statistical coil content.
The initial conformation of [Alal6]Af42 comprised 10 + 5%
a-helix, 22 + 8% f-sheet, and 66 + 4% statistical coil. In
contrast to all other peptides, the conformational transition of
this variant involved a decrease in both statistical coil and f-
sheet (to 38 & 11% and 2 + 2%, respectively) while the a-helix
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Figure 2. Deconvolution of CD spectra. Each of the spectra was deconvoluted using the program CONTIN/LL with IBASIS = 1 to yield the relative
contribution of statistical coil, a-helix, and B-sheet/f-turn conformation.”” The data show mean =+ SD of three independent experiments.

+ 12%. This transition was sub-
stantially slower than any of the other analogues and appeared
incomplete by 216 h. In [Ala28]Af42, a 10—15% a-helix
content appeared unchanged for 240 h, whereas the f-sheet
content increased from 15 + 5% to 49 + 19 and the statistical
coil content decreased from 72 + 10% to 43 + 11% during this
period. This was the highest final statistical coil content observed
for any of the analogues. The conformational transition of
[Ala28]Ap42 was slow and reached a plateau only after 168 h.

Morphological Analysis. To examine the effect of the
Lys—Ala substitutions on A fibril structure, we examined the
morphology of the native and substituted peptides by electron
microscopy (EM) (Figure 3). Immediately after dissolution, all
the peptides showed small quasi-globular or amorphous
morphology as reported previously”® (data not shown), whereas
at the end of the aggregation reaction, all the analogues showed
fibrillar morphology (Figure 3). To complement the qualitative
morphological characterization, we measured the fibril diameter
and length using Image].*” The average diameter distribution is
shown under each micrograph and the quantitative analysis is
summarized in Table 2.

AP40 and [Alal6]AS40 showed long unbranched fibrils. A
few globular structures were observed for [Ala16]Af40 but not
for WT Ap40, in agreement with the slower conformational
transition kinetics observed for the Alal6 variant. The fibrils of
[Ala28]ApB40 were thicker, shorter, branched, and ragged
compared to WT Ap40 or [Alal6]AS40, and were observed
together with nonfibrillar structures, consistent with the CD
data showing that the conformational transition of this variant

content increased to 60 =+

was incomplete (Figure 3). In contrast to the narrow diameter

distribution of WT Af40 and [Alal6]ApS40, wide diameter
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distributions were observed for [Ala28]Af40 fibrils (Figure 3)
and for the nonfibrillar [Ala28]AfB40 aggregates (Table 2).

Similar to the A40 analogues, AB42 and [Alal6]AS42 for-
med long unbranched fibrils. A unique feature of [Alal6]Af42
was abundant “decoration” of the fibrils by quasi-globular
structures, 45 + 15 nm in diameter. These structures might
contain predominantly a-helical [Alal6]AS42, suggesting that
the spectra shown in Figure 1 represent a mixture of two
distinct populations, one predominantly a-helical and the other
comprising typical f-sheet-rich fibrils, which is underrepre-
sented in the deconvolution analysis in Figure 2. The fibrils of
[Ala28]Af42 had a wide diameter distribution and were
relatively short compared to those of WT Af42 or [Alal6]-
Ap42, similar to the effect of the Lys28—Ala substitution on
ABA0.

Oligomer Size Distribution. Next, we asked whether the
Lys—Ala substitutions affected the initial A oligomer size
distribution. To answer this question, we photochemically cross-
linked freshly prepared solutions of each peptide using photo-
chemical cross-linking of unmodified proteins (PICUP)*’ and
fractionated the resulting oligomers by SDS-PAGE (Figure 4).
Uncross-linked control samples were run side-by-side with the
cross-linked ones. Uncross-linked Af40 analogues migrated
with an apparent mobility consistent with monomer. Low
abundance dimer bands also were observed in all cases. Cross-
linked AB40 had an oligomer size distribution comprising
monomer through hexamer (Figure 4A), in which the dimer
and trimer bands had the highest intensities, as described
previously.*" The oligomer size distributions of [Alal6]AB40
and [Ala28]Af40 were similar to that of WT Af40 with slightly
lower dimer and trimer abundance. Peculiarly, the Lys—Ala
substitutions, particularly Lys28—Ala, appeared to decrease the
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Table 1. Initial and Final Secondary Structure Content in A Analogues Calculated by Deconvolution of CD Spectra Using

CONTIN/LL
a-helix (%) P-sheet/p-turn (%) statistical coil (%)
peptide initial final initial final initial final
Ap40 3+2 0 23+3 62+ 6 74+ 1 37+5S
[Ala16]AB40 S+1 0 20+ 8 72+ 6 75 £ 10 27+6
[Ala28]AB40 744 0 21 +3 61 + 3 7245 38 + 3
Ap42 10+ 6 0 375 70 +2 52+1 29 +£2
[Ala16]AB42 1+5 60 + 12 22+ 38 242 66 + 4 38 + 11
[Ala28]Ap42 14+5 8+8 15+5S 49 + 19 72 £ 10 43 + 11
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Figure 3. Morphology of Af40, Ap42, and their Lys—Ala analogues. Electron micrographs were obtained for each analogue at the end of the
aggregation reaction. Fibril diameter was measured at 50 randomly selected locations. The respective diameter histograms are shown below each
micrograph. The histograms are fitted to a single Gaussian distribution. Scale bar: 100 nm.

silver-staining of all the bands relative to WT Ap40, even
though the total amount of peptide loaded in each lane was
carefully controlled for and was the same for all peptides
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(Figure 4A). Densitometric analysis, in which each band was
normalized to the total intensity of all the bands in its own lane,
showed that the differences in relative abundance of each

dx.doi.org/10.1021/cn3000247 | ACS Chem. Neurosci. 2012, 3, 473—481
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oligomer among the three AB40 analogues were insignificant
(Figure 4B).

Uncross-linked Ap42 produced predominantly a monomer
band and a broad trimer/tetramer band (Figure 4A), which
previously has been reported to be an SDS-induced artifact.*>**
The oligomer size distribution of cross-linked Af42 oligomers
was characterized by Gaussian-like oligomer abundance between
tetramer and heptamer, with a maximum at pentamer and
hexamer (paranuclei), consistent with previous reports.>*** In
the oligomer size distribution of [Alal6]Af42, the dimer and
trimer abundance was significantly lower than the correspond-
ing WT Ap42 bands and the characteristic abundance maxima
of paranuclei were shifted to tetramer and pentamer (Figure 4B).
The highest oligomer observed for [Alal6]A$42 was hexamer,
as opposed to WT Ap42 for which low abundance heptamer
and octamer also were observed. The oligomer size distribution

Table 2. Quantitative Analysis of Morphological Features of
the Af Analogues

of [Ala28]Af42 was similar to that of WT Ap42, except
that the tetramer band was not observed, and similarly to
[Alal6]Af42, hexamer was the highest oligomer observed
(Figure 4). Thus, the Lys—Ala substitutions had little impact
on the initial oligomer size distributions of Af40 but each
substitution changed the oligomer size distribution of Af42
significantly.

Cell Viability. To assess the impact of the Lys—Ala
substitutions on the neurotoxic activity of A}, we added each
peptide at concentrations ranging from 1-100 M to
differentiated PC-12 cells and measured LDH release following
48 h of incubation (Figure 5). AB40 showed negligible cell
death up to 10 M, 16 + 2% cell death at 30 uM, and 53 + 3%
cell death at 100 M. In contrast, [Alal6]AfB40 was not toxic at
all the concentrations studied. Similar to WT Af40, [Ala28]-
Ap40 did not show toxicity up to 10 uM, whereas at 30 uM it
caused 32 + 3% cell death. The toxicity seemed to plateau at
this level and did not increase at 100 uM, possibly due to
limited solubility, though we did not observe precipitation or
particulate material at this concentration.

fibril length di
peptide T onfibrillar structures AP42 caused 18 + 3%, 42 + 4%, and 56 + 2% cell death at
AB40 52000 11+3 10, 30, and 100 uM, respectively. The Lys16—Ala substitution
[Ala16] 52000 0412 few, d = 15-20 nm again caused a dramatic decrease in toxicity. [Alal6]Af42
Ap40 B showed 13 + 2% cell death at 100 M and no toxicity at lower
[Ala28] 325 + 170 16+6 few, d = 20—60 nm concentrations. [Ala28]Af42 at 30 and 100 uM caused 14 +
A0 3% and 37 + 3% cell death, respectively. Thus, the Lys16—Ala
Ap42 >2000 §£3 substitution abolished the toxicity of Af40 completely and
[Ali;}fz] >2000 13 ab;n:df;t’ '+ 15 nm suppressed the toxicity of Af42 by >75%. In comparison, the
[Al228] 213 + 100 16+ 6 effect of the Lys28—Ala substitution on Af toxicity was
Ap42 modest.
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Figure 4. Oligomer size distribution of Af analogues. (A) 60 uM of each peptide was cross-linked using PICUP, fractionated by SDS-PAGE
and silver-stained. Positions of molecular weight standards are shown on the left. The gels are representative of three independent experiments.
(B) Densitometric analysis of the oligomer size distributions. The data show mean + SEM of three independent experiments.
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Figure S. Toxicity of A#40, Af42, and their Ala-substituted analogues. Af40, Af42, and their respective Lys— Ala analogues were incubated with
differentiated PC-12 cells for 48 h, and cell death was measured using the LDH release assay. The results are an average of four to six experiments

and are presented as mean + SEM.

B DISCUSSION

Molecular-level understanding of the mechanism of Af as-
sembly and toxicity is important for developing reagents that
inhibit Af toxicity and may lead to treatment for AD. Our study
shows that removal of the combination of hydrophobic and
electrostatic interactions mediated by the Lys residues in Af
has profound effects on the assembly and the toxicity of A$40
and Af42 and sheds light on the important roles of each Lys
residue.

Substitution of Lysl6é by Ala in Af40 had a relatively
moderate effect on Af40 assembly. The conformational
transition of [Lys16]AB40 was slower than that of WT AfS40
(Figure 1), yet both peptides formed similar degree of f-sheet
upon incubation (Figure 2), and both gave rise to typical long
and unbranched amyloid fibrils (Figure 3). The two analogues
also had similar initial distributions of small oligomers (Figure 4).
However, this substitution practically abolished the toxicity of
ApA40, even at a high concentration such as 100 M, suggesting
that Lys16 is directly involved in the cellular interaction of
AP40 oligomers that mediate toxicity. Supporting this view,
most FAD-linked mutations within the Af-encoding sequence
of the app gene lead to amino acid substitutions that increase
the positive charge of AS* In addition, in a series of C-
terminal fragments of Af42 with the general formula Af(x—42)
(x = 28-39), the only peptide showing high toxicity was
Ap(28—42), in which the N-terminal residue was Lys, whereas
all the other peptides had little or no toxicity.** In comparison
to the Lys16—Ala variants, substitution of Lys28 by Ala caused
substantial perturbation of the assembly process in both Af$40
and Af42, and in both Af alloforms, toxicity was affected to a
lesser extent by the Lys28—Ala than by the Lys16—Ala sub-
stitution.

Though all three AJ40 analogues formed similar initial
oligomer size distributions (Figure 4) and all three converted
over time from a largely unstructured conformation to S-sheet-
rich fibrils, the rate of conformational transition varied
substantially in the order Af40 > [Lys16]ApB40 > [Lys28]Af40
(Figures 1 and 2). Interestingly, the final f-sheet content in
[Alal6]Af40 was higher than in WT Ap40 or [Ala28]Af40
(Figure 2), suggesting that the substitution of Lys16 by Ala may

478

allow extension of the p-strand encompassing the CHC
region*’~* to include residues N-terminal to the CHC.

In contrast to the A$40 analogues, the initial oligomer size
distributions of the Af42 analogues were distinct (Figure 4)
and each analogue underwent a unique structural transition. It
is difficult to directly correlate the differences among the oligomer
size distribution of each analogue with conformational transition
and/or aggregation kinetics,**>*~>* as these processes occur on
substantially different time scales and may be governed by distinct
sets of interactions. Indeed, the initial Af oligomer populations
detected using PICUP are characterized by a primarily
statistical-coil conformation. Deconvolution of the CD spectra
of [Alal16]Af42 showed development of high a-helix content
(Figures 1 and 2), as opposed to all other A analogues. EM
examination of this peptide at the end of the aggregation
reaction showed two distinct morphologies: typical amyloid
fibrils together with abundant 45 + 15 nm diameter quasi-
spherical structures (Figure 3). Presumably, the high
a-helix content observed for [Alal6]AS42 represents predom-
inantly these quasi-spherical structures, whereas the fibrils ob-
served are typical, f-sheet-rich amyloid fibrils that may be
underrepresented in the CD spectra because a-helical struc-
tures in proteins generally show smaller geometric distortions
compared to those observed in p-sheets and turns.’>>*
[Ala28]Ap42 showed substantial contribution of irregular
structural elements throughout its conformational transition
and, unlike all other analogues, had an a-helical element con-
tributing ~10% of the CD spectrum that appeared to remain
stable for 10 days.

The stark difference between the conformational transition
of [Alal16]Af40 and [Alal6]AB42 suggests that direct inter-
action between the C-terminus and CHC regions plays an
important role in early Af folding and assembly, particularly in
Ap42, in agreement with modeling studies.*””* The modeling
studies suggested that, in Af40, because the C-terminus is
shorter and less hydrophobic than in Af42, the N-terminus
competes with the C-terminus for interaction with the CHC.
Thus, disruption of C-terminus—CHC contacts would be
predicted to affect A#42 more than Af40, consistent with our
observations.

The substantially slower conformational transition kinetics of

both [Ala28]Ap40 and [Ala28]Af42, and the high content of
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irregular structures in [Ala28]Af42 support an important role
of Lys28 in stabilizing the folding nucleus of Af, as suggested
by Lazo et al® In agreement with the modeling data em-
phasizing an interaction between the C-terminal and CHC
regions in AP42,7™* our data suggest that destabilization of
the turn within Af(21—30), which allows this interaction, by
the Lys28—Ala substitution affects AB42 folding and assembly
to a substantially larger extent than Af40.

Interestingly, comparison of the fibril morphology of the
two Lys28—Ala variants to those of the WT or Lysl6—Ala
variants suggests that the rate of nucleation (ky) of the Lys28-
substituted analogues is high relative to the rate of elongation
(kg). Typically, a situation in which kg > ky leads to formation
of relatively few long fibrils, whereas abundant short fibrils are
observed when k; < ky, as is the case for [Lys28]Af40 and
[Lys28]Ap42 (Figure 3). Thus, the data suggest that the
Lys28—Ala substitution facilitates nucleation, yet decreases
elongation rate.

Our data suggest that disruption of the interactions mediated
by the Lys residues in Af would suppress Af toxicity in two
complementary ways. First, preventing such interactions perturbs
the assembly process and the resulting oligomers/aggregates
were found to be less toxic than those formed by WT AfS40 or
Ap42. Second, interfering with the interaction of Lys16 with its
cellular targets, presumably the cell membrane, might in itself
inhibit Af toxicity substantially. Our CD experiments show
that in AB42, the Lys16—Ala substitution induces formation of
substantial a-helical content, which was not observed in the
ApPA40 analogue. Nonetheless, the toxicity of both [Alal16]AS40
and [Alal6]Af42 was dramatically lower than the toxicity of
their WT counterparts. This suggests that, in our experimental
system, the secondary structure contributes little to the observed
toxicity of these Af analogues and Lys16 by itself is a crucial
player in mediating the toxicity. These results support the use
of Lys-specific inhibitors, such as CLROI, as potential drugs for
treatment and prevention of AD. The data also highlight the
importance of the amphipathic Lys side chain in Af assembly
and toxicity and suggest that Lys residues may have similar
roles in other amyloidogenic proteins.

B METHODS

Peptides. AS40, Ap42, [Alal6]AS40, and [Ala28]AB40 were
purchased from the UCLA Biopolymers Laboratory. [Ala16]Af42 and
[Ala28]ApB42 were obtained from AnaSpec (Fremont, CA). Unless
otherwise stated, samples of AB40, AB42, and their corresponding
Lys—Ala variants were disaggregated by dissolution in 1,1,1,3,3,3,-
hexafluoro-2-propanol (HFIP, Sigma, St. Louis, MO) followed by
evaporation of the solvent to dryness as described previously.>® Dry
peptide films were stored at —20 °C until use.

CD Spectroscopy. Dry, HFIP-treated peptide films were dissolved
in a minimal volume of 60 mM NaOH followed by dilution with
deionized water (18.2 MQ produced using a Milli-Q system, Millipore,
Bellerica, MA) to half the final volume and then sonicated for 1 min
using a model 1510 bath sonicator (Branson, Danbury, CT). The
peptides were diluted to 60 uM by adding an equal volume of 20 mM
sodium phosphate buffer (PB, Sigma), pH 7.4, containing 0.02%
(w/v) sodium azide (Sigma) to prevent bacterial growth. Samples were
centrifuged at 16 000g using an Eppendorf model 5415C benchtop
microcentrifuge (Brinkmann Instruments, Westbury, NY) for 3 min.
The supernate, containing monomers and low molecular weight
oligomers, was incubated at room temperature with agitation to allow
peptide assembly in a 1 mm path length quartz cuvette (Hellma,
Forest Hills, NY). At different time points, CD spectra were obtained
using a J-810 spectropolarimeter (JASCO, Tokyo, Japan). Secondary
structure content initially was calculated following buffer subtraction
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using the deconvolution programs Selcon3,56 CONTIN/LL,”” and
CDSstr®® within the CDpro software package. CONTIN/LL con-
sistently generated fits with the lowest root-mean-square deviations
among these three programs and therefore was chosen for
deconvolution of all CD spectra.

Electron Microscopy (EM). Aliquots (10 pL) of the peptide
solutions monitored by CD were spotted on glow-discharged, carbon-
coated Formvar grids (Electron Microscopy Science, Hatfield, PA) at
the end of the aggregation reaction, fixed with S uL of 2.5% (v/v)
glutaraldehyde, and stained with uranyl acetate. The samples were
analyzed using a CX 100 transmission electron microscope (JEOL,
Peabody, MA). To evaluate the size and homogeneity of the ag-
gregates, we measured the fibril length and fibril thickness at randomly
selected points (N = 50) using Image]. The thickness frequency
distribution was fitted to a single Gaussian distribution using Origin
6.1 (OriginLab, Northampton, MA).

Photoinduced Cross-linking of Unmodified Proteins
(PICUP). Initially, experiments were performed using samples pre-
pared as described above in azide-free buffer with slight modifications
of protocols described previously.** Briefly, 1 uL of 6 mM tris(2,2-
bipyridyl)dichlororuthenium(II) (Sigma) and 1 wL of 120 mM
ammonium persulfate (Sigma) in 10 mM PB were added to 18 uL
of 60 uM peptide. The mixture was cross-linked by irradiation with
visible light for 1 s, and the reaction was quenched immediately with
10 L of Tricine sample buffer (Invitrogen, Carlsbad, CA) containing
5% f-mercaptoethanol (Sigma). Samples were analyzed using 10—20%
Tris-Tricine gradient gels (Invitrogen). Peptide bands were visualized
by silver staining (SilverXpress kit, Invitrogen) and analyzed by
densitometry as described previously.*' The initial experiments
showed that HFIP-treated AB40 yielded oligomer size distributions
similar to those observed previously, in which aggregate-free-A$40 was
prepared using mechanical methods,***' whereas the oligomer size
distribution of A42 was altered substantially by the HFIP treatment
(Supporting Information Figure S1). To facilitate comparison with
previous data, in subsequent experiments, the peptides were prepared
as described above for the CD experiments but without HFIP
treatment. To remove large aggregates that may be present in the
preparation without HFIP treatment, the solutions were centrifuged
for 10 min at 16 000g.

Cell Viability. Cell death was measured using the lactate de-
hydrogenase (LDH) release assay as described previously.*® Briefly,
differentiated rat pheochromocytoma (PC-12) cells were plated at a
density of 20000 cells per well using 96-well plates in 90 uL fresh
medium and incubated for 24 h. AB40, Af42, or their Lys—Ala
variants were solubilized in a minimal volume of 60 mM NaOH and
then diluted in F12K media to the desired concentration, added to the
cells, and incubated for 48 h at 37 °C. No visible aggregates were
observed in the peptide solution when added to the cells or at the end
of the assay. The final concentration of NaOH in the media was <0.6
mM. Media with the same concentration of NaOH but no Af was
used as a negative control. LDH release was measured using CytoTox
ONE kits (Promega, Madison, WI) after 48 h of incubation with the
respective peptides. The data are an average of three independent
experiments with five wells per condition (n = 15).
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