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ABSTRACT: A popular working hypothesis of Alzheimer’s disease
causation is amyloid β-protein oligomers are the key neuro-
pathogenetic agents. Rigorously elucidating the role of oligomers
requires the production of stable oligomers of each size. We previously
used zero-length photochemical cross-linking to allow stabilization,
isolation, and determination of structure−activity relationships of pure
populations of Aβ40 dimers, trimers, and tetramers. We also attempted
to study Aβ42 but found that Aβ42 oligomers subjected to the same
procedures were not completely stable. On the basis of the fact that
Tyr is a critical residue in cross-linking chemistry, we reasoned that the
chemical accessibility of Tyr10 in Aβ42 must differ from that in Aβ40.
We thus chemically synthesized four singly substituted Tyr variants
that placed the Tyr in different positions across the Aβ42 sequence.
We then studied the stability of the resulting cross-linked oligomers as well as procedures for fractionating the oligomers to
obtain pure populations of different sizes. We found that [Phe10,Tyr42]Aβ42 produced stable oligomers yielding highly pure
populations of dimers through heptamers. This provides the means to establish formal structure−activity relationships of these
important Aβ42 assemblies. In addition, we were able to analyze the dissociation patterns of non-cross-linked oligomers to
produce a model for oligomer formation. This work is relevant to the determination of structure−activity relationships that have
the potential to provide mechanistic insights into disease pathogenesis.

Alzheimer’s disease (AD) is a neurodegenerative disorder
that causes irreversible damage to the brain that manifests

in memory loss, cognitive dysfunction, and eventual death. AD
is characterized by the cerebral deposition of plaques composed
of aggregated fibrils of the amyloid β-protein (Aβ), a 40−42-
amino acid peptide. These aggregates long were believed to be
the proximate neurotoxins in AD. However, this idea has been
supplanted by the working hypothesis that Aβ oligomers are
more relevant etiologic targets.1−7 Designing therapeutic agents
specific for “oligomers” requires establishing accurate struc-
ture−neurotoxicity relationships. Unfortunately, Aβ is an
intrinsically disordered protein that self-associates to form
oligomers that are metastable and polydisperse, factors that
largely have prevented formal structure−neurotoxicity studies.
A fruitful approach for stabilizing oligomers of specific size

has been zero-length cross-linking using the technique of
photoinduced cross-linking of unmodified proteins (PICUP).8

Oligomers stabilized in this manner do not self-associate or
dissociate.9,10 This has allowed the fractionation and
purification of stable Aβ40 oligomers of specific sizes using
sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS−PAGE).10 These cross-linked oligomers demonstrated
neurotoxic activity similar or more robust than that of non-
cross-linked Aβ40 oligomers.10

To study the more clinically relevant Aβ42 isoform of Aβ, we
subjected monomeric Aβ42 to PICUP, SDS−PAGE, and
extraction. We were surprised to observe that, unlike cross-
linked oligomers of Aβ40, the Aβ42 oligomers were not fully
stable and thus exhibited partial dissociation in subsequent SDS
gels. The phenolic side chain of the amino acid Tyr is highly
reactive in PICUP chemistry.8 It can form dityrosine and
trityrosine bonds among different Aβ monomers, as well as
covalent bonds between Tyr on different closely associated
peptide chains and inter- and intramolecular covalent bonds
between Tyr and nucleophilic side chains such as that of
lysine.8 In vitro and in silico studies have revealed significant
differences between Aβ40 and Aβ42 in their conformational
dynamics, oligomerization, and fibril formation.9,11 Conforma-
tional differences within the respective Aβ monomers must
account for these observations, a conclusion suggesting that Tyr
in Aβ42, relative to Aβ40, may be less chemically accessible,
shielded, or located in a structurally labile position, preventing
complete cross-linking and predisposing oligomers produced
thereof to dissociate. If so, we reasoned that repositioning a Tyr
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residue at a different site along the peptide chain could produce
more efficient cross-linking. We thus chemically synthesized
Aβ42 variants with Tyr substituted at four different locations
between the N- and C-termini: Asp1, Phe20, Ala30, and Ala42.
We report here the results of studies of the stabilities of these
peptides and how these stabilities may be used to model the
Aβ42 oligomerization process.

■ MATERIALS AND METHODS
Chemicals and Reagents. Chemicals were obtained from

Sigma-Aldrich and were of the highest purity available. Tris-
2,2′-bipyridyl-dichlororuthenium(II) hexahydrate [Ru(Bpy)3],
ammonium persulfate (APS), and SimplyBlue SafeStain
(Coomassie G-250) were purchased from Invitrogen (Carlsbad,
CA). Acrylamide and TEMED were purchased from Bio-Rad
(Hercules, CA). N,N′-Methylene-bis-acrylamide was purchased
from Sigma-Aldrich (St. Louis, MO). All solutions were
prepared in double distilled deionized (DDI) water produced
from a Milli-Q system (Millipore Corp., Bedford, MA).
Peptide Design and Synthesis. Aβ42 peptides were

synthesized using 9-fluorenylmethoxycarbonyl (Fmoc) chem-
istry, purified by reverse phase high-performance liquid
chromatography, and characterized by mass spectrometry and
amino acid analysis, as described previously.12 Quantitative
amino acid analysis and mass spectrometry yielded the expected
compositions and molecular weights, respectively, for each
peptide (see Figure 1 for peptide sequences). Tyr10 was
replaced with Phe in each of the four Aβ42 variants. This was
done to prevent intramolecular cross-linking and multipoint
intermolecular cross-linking, each of which would complicate
the analysis of cross-linking patterns. We have shown in
previously published work that the Tyr10Phe substitution does
not alter the oligomerization process.13 Purified peptides were
stored as lyophilizates at −20 °C.
Preparation of Aβ Solutions. Stock solutions of Aβ were

prepared by reconstituting the lyophilized peptide in a 1:4.5:4.5
(v/v/v) mixture of 60 mM NaOH, Milli-Q water, and 22.2 mM
sodium phosphate (pH 7.5) to yield a nominal Aβ
concentration of 1 mg/mL in 10 mM sodium phosphate (pH
7.5). The peptide solution then was sonicated for 1 min in a
bath sonicator (model 1510, Branson, Danbury, CT) and
filtered through a 30 kDa molecular weight cutoff Microcon
centrifugal filter device (Millipore, Billerica, MA) for 15 min at
room temperature (RT, 22 °C) at 16000g. The filtrate was
collected, and the Aβ concentration was determined by UV
absorbance (ε280 = 1280 cm−1 M−1) using a 1 cm quartz cuvette
(Hellma, Plainview, NY) and a Beckman DU-640 spectropho-
tometer (Beckman Instruments, Fullerton, CA). All measure-
ments were performed at RT. This protocol results in uniform
and reproducible material termed low-molecular weight
(LMW) Aβ.14

Cross-Linking, SDS−PAGE, and Gel Staining. Peptides
were covalently cross-linked using the technique of photo-
induced cross-linking of unmodified proteins (PICUP)

immediately after LMW Aβ preparation.15 Briefly, 3 μL of 2
mM Ru(Bpy)3 and 3 μL of 40 mM APS were added to 54 μL of
80 μM Aβ42 (or its analogues) in 10 mM sodium phosphate
buffer (pH 7.5). The final Aβ:Ru(Bpy)3:APS molar ratio was
0.72:1:20. The mixture was irradiated for 1 s with a “Fiber-Lite”
high-intensity visible light source (Dolan-Jenner, Boxborough,
MA), and the reaction was immediately quenched with 1 μL of
1 M dithiothreitol (DTT) in 10 mM sodium phosphate buffer
(pH 7.4). For each reaction, APS and Ru(Bpy)3 were added to
the Aβ solution and the mixture was vortexed for 1 s after
addition of the cross-linking reagents and immediately
preceding irradiation. Two cross-linking reactions typically
were done to produce a total volume of 122 μL.
For SDS−PAGE analysis, the 122 μL of cross-linked Aβ was

mixed with 122 μL of 2× Tricine sample buffer (Invitrogen).
Two hundred microliters of this cross-linked oligomer mixture
was boiled for 10 min and then introduced into a modified
Novex 10−20% Tricine gel (1.0 mm × 10 wells) (Invitrogen).
The gel was modified by using a scalpel to remove eight of the
nine “teeth” at the top of the stacking gel. This produced two
lanes from the original 10, one with a width of ≈7.0 cm and one
remaining original well with a width of ≈0.8 cm. The cross-
linked oligomer mixture was pipetted into the large lane.
Molecular weight markers were pipetted into the small lane.
After SDS−PAGE, gels were washed in water three times for

5 min each and then incubated in SimplyBlue SafeStain
(Invitrogen) overnight on a ZD-9556 orbital shaker (Madell
Technology, Ontario, CA) rotating at 60 rpm. The next
morning, the gel was destained for 30 min and then incubated
again with fresh SimplyBlue SafeStain for 2 h. Afterward, the gel
was destained for 30 min in DDI water. Bands were excised
using a scalpel blade (Fisher, Pittsburgh, PA) and placed in
individual 1.5 mL microcentrifuge tubes.

Modified “Cleveland Gel” System and Densitometry
Analysis. Gel pieces corresponding to each respective
oligomer band excised from the preparative 10−20%
acrylamide gel were re-electrophoresed in a second, larger gel
using the Protean IIxi Cell Gel System (Bio-Rad), similar to the
procedure of Cleveland et al.16 that is used for the separation of
peptide fragments produced from gel slices treated with
proteases in situ in polyacrylamide gel wells prior to
electrophoresis. The gels were 1.5 mm in thickness, which
accommodated the thickness of the excised gel pieces from the
1.0 mm Novex 10−20% Tricine gel. The gels were made with
an 18% T resolving polyacrylamide gel and a 4% T acrylamide
stacking gel, which provided the optimal separation of the
extracted oligomers. A 20-well comb was inserted into the
stacking gel during polymerization. Afterward, the comb was
removed and a scalpel was used to carefully excise the
acrylamide gel between every other pair of wells to create nine
larger wells [except for the first well, which was used for the
MW marker (MWM)]. Excised gel pieces containing the
respective oligomers were boiled in 200 μL of 2× Novex
Tricine SDS sample buffer (Invitrogen) for 10 min and then

Figure 1. Primary structures of Aβ42 peptides. A Phe residue was substituted for Tyr10 in all peptides except the wild type (WT). Amino acid
differences between the WT sequence and those of the other four peptides are colored red.
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placed into individual lanes. An additional 30 μL of this same
buffer then was added to each lane. Finally, Mark12 Unstained
Standard (Invitrogen) MWM was added to the MWM well. To
allow for better resolution and prevent overheating, the gel was
run at 4 °C at 50 V for 5 h and then the voltage was increased
to 80 V for 15−20 h. The gel was silver-stained using a Silver-
Xpress silver staining kit (Invitrogen) and scanned with a
Canon CanoScan 9950 flatbed scanner. Gel images were
converted to 256 grayscale and analyzed using ImageJ version
1.43r (http://imagej.nih.gov/ij/) to produce intensity profiles.
To correct for overlapping peaks, the intensity profiles were
imported into Magicplot Student version 2.0.1 (http://
magicplot.com/), where nonlinear curve fitting allowed over-
lapping peaks to be deconvoluted into individual peaks,
assuming each peak was Gaussian in nature. The relative
intensities were calculated on the basis of the integration of the
area under each fitted curve after baseline correction. Individual
peak values were normalized to the total intensity within each
lane. The data then were plotted using Kaleidagraph version
4.0.4 (Synergy Software, Reading, PA).

■ RESULTS

Oligomer Size Distributions of Wild-Type (WT) Aβ42
and Its Tyr-Substituted Variants. We chemically synthe-
sized Aβ42 variants with Tyr substituted at four different
locations between the N- and C-termini: Asp1, Phe20, Ala30,
and Ala42. To preclude intramolecular cross-linking occurring
through the WT Tyr10 residue, we replaced this residue with
Phe (Figure 1). We then determined how the movement of Tyr
across the Aβ42 peptide affected oligomerization, as monitored
using PICUP, SDS−PAGE, and silver staining (Figure 2). In
the absence of cross-linking, Aβ42 and its four Tyr variants
produced bands electrophoresing predominantly at monomer
and trimer (filled white arrowheads). Less intense tetramer

bands also were observed (empty white arrowheads). These
trimer and tetramer bands previously have been shown to be
SDS-induced artifacts.9 [Phe10,Tyr20]Aβ42 produced few
SDS-stable oligomers. The predominant band was the
monomer band, while only a faint trimer band (filled white
arrowhead) was observed. The other four peptides all displayed
tetramer bands, of which the tetramer band from
[Phe10,Tyr42]Aβ42 was the most prominent (Figure 2,
empty arrowheads).
Cross-linked WT Aβ42 produced eight bands corresponding

to monomer through heptamer, with nodes at monomer and
pentamer/hexamer (filled white arrowheads). [Tyr1,Phe10]-
Aβ42 produced a similar distribution, but with band mobilities
shifted toward lowerMr values (relative molecular mass). These
shifts also were observed in the non-cross-linked control.
[Phe10,Tyr20]Aβ42 produced seven bands, corresponding to
monomer through heptamer, with nodes at monomer and
pentamer/hexamer (filled white arrowheads). The trimer band
(empty white arrowhead) was fainter than those of the other
oligomers. [Phe10,Tyr30]Aβ42 displayed a pattern of bands
similar to that of WT Aβ42 (filled white arrowheads).
[Phe10,Tyr42]Aβ42 behaved differently. The amount of
dimer (filled white arrowhead) was smaller than those of the
other peptides, and the amounts of heptamer, octamer, and
nonamer were larger (white bracket). It appeared that Tyr
substitutions closer to the C-terminus produced larger amounts
of higher-ordera oligomers.

Stability of Cross-Linked Oligomers. To determine
whether cross-linked Aβ42 oligomers were covalently asso-
ciated, we performed PICUP reactions and fractionated the
resulting products by SDS−PAGE. We excised bands identified
by Coomassie Blue staining and then re-electrophoresed their
component peptides by placing the gel pieces in wells of a
second SDS gel. We predicted that bands containing covalently
associated oligomers should “run true” when re-electro-
phoresed, i.e., with an Mr identical to that in the original gel.
Noncovalently associated oligomers, or oligomers that were not
cross-linked completely, would produce multiple bands
migrating at or below their initially observed Mr values.
We made four observations in experiments using WT Aβ42

(Figure 3a): (1) an order-dependent ladder of bands, (2) cross-
linked oligomers of order 2−7 that were unstable, (3) unstable
oligomers that produced lower-order species varying in size
from 1 to 6 (as predicted), and (4) bands of Mr higher than the
Mr values of the originally isolated bands that were observed.
We quantified band intensities and then normalized these
intensities for each lane (Figure 3b and Table S1). These data
showed that the most intense band in each lane corresponded
to the Mr of the band excised from the first SDS gel. The purest
oligomer was dimer (67%). The least pure oligomer was
tetramer (28%). In addition, relative to oligomers of order 2−5,
purified hexamers and heptamers appeared more stable.
We next performed identical experiments using the four Tyr

variants, [Tyr1,Phe10]Aβ42 (Figure S1 and Table S2),
[Phe10,Tyr20]Aβ42 (Figure S2 and Table S3), [Phe10,Tyr30]-
Aβ42 (Figure S3 and Table S4), and [Phe10,Tyr42]Aβ42
(Figure 4 and Table S5). We observed behavior similar to that
of WT Aβ42 for the first three peptides (summarized in Table
1). In contrast, the [Phe10,Tyr42]Aβ42 peptide was excep-
tionally stable (cf. Figures 3 and 4 and Tables S1 and S5). The
lowest purity observed was 75% (tetramer), compared with
28% for WT Aβ42. Similarly, the most stable WT Aβ42
oligomer, dimer, was 67% pure, whereas the equivalent

Figure 2. Oligomer size distributions of WT Aβ42 and its Tyr-
substituted variants. PICUP, SDS−PAGE, and silver staining were
used to determine oligomer size distributions. Eight microliters of 40
μM peptide were loaded into each well, corresponding to 1.44 μg for
the Aβ42 lanes and 1.47 μg for the [Phe10,Tyr42]Aβ42 lanes.
Abbreviations: MWM, molecular weight marker; Mr, relative molecular
mass in daltons; Y#, position of the Tyr in each respective peptide. Y10

signifies WT Aβ. Peptides were prepared and immediately electro-
phoresed (“non-cross-linked”), or they were prepared, immediately
cross-linked, and then electrophoresed (“cross-linked”). Arrowheads
and bracket refer to specific bands (see the text). Trimer and tetramer
bands in the lanes of un-cross-linked are SDS-induced artifacts.9 The
starting material is aggregate-free.
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oligomer produced by [Phe10,Tyr42]Aβ42 was 82% pure. As
suggested earlier, the higher-order oligomers were most stable.
Pentamers, hexamers, and heptamers were all >90% pure. In
some experiments, octamers and higher-order oligomers also
were observed in relatively pure form.
Are “Stable” Aβ42 Oligomers Really Stable? Our prior

experiments showed that replacing Ala42 with Tyr produced a
peptide that produced cross-linked oligomers of exceptional
stability. Nevertheless, we sought to subject these ostensibly
stable oligomers to an additional denaturation/dissociation
procedure to convince ourselves of their stability. To do so, we
re-electrophoresed purified oligomers a second time (a total of
three SDS gels). We performed identical experiments with WT
Aβ42 so that we could compare the stabilities of the oligomers
formed by each peptide (Table 2). It is clear from inspection
(cf. Figures S4 and S5) that the [Phe10,Tyr42]Aβ42 peptide
produced exceptionally stable oligomers. The purity of each
oligomer was significantly greater than that of the correspond-
ing oligomer formed by WT Aβ42, with the exception of trimer

(87% for [Phe10,Tyr42]Aβ42 vs 90% for WT Aβ42) (Tables
S6 and S7). Lower- and higher-order species were observed
with WT Aβ42, suggesting some instability of the purified
oligomers (Figure S4). In contrast, only faint dimer and trimer
bands were observed in the tetramer and pentamer lanes with
[Phe10,Tyr42]Aβ42 oligomers (Figure S5).

■ DISCUSSION
Formation of toxic Aβ42 oligomers is thought to be a seminal
neuropathogenetic process in AD.17,18 If so, then design of
oligomer-specific therapeutic agents requires the determination
of structure−activity relationships (SAR) among the different
types of oligomers. Unfortunately, the metastability and
polydispersity of oligomer preparations have complicated this
determination. The experiments conducted in this study
demonstrate that positioning of a single Tyr residue at position
42 within Aβ42 allows the production and isolation of highly
stable, pure populations of Aβ42 oligomers following photo-
chemical cross-linking using the technique of PICUP.
Previous studies have shown that PICUP is capable of

revealing the distribution of Aβ oligomers present in an
equilibrium state in which rapid association and dissociation
reactions occur. These distributions were not stochastic; i.e.,
they did not represent distributions created by diffusion-limited

Figure 3.WT Aβ42 oligomer stability. Aβ42 was cross-linked and then
electrophoresed in an SDS gel (see Materials and Methods). (a)
Coomassie-stained oligomer bands were excised and re-electro-
phoresed, and the resulting bands visualized by silver staining. Each
lane number represents the expected oligomer order. (b) ImageJ and
MagicPlot were used to determine the occurrence frequencies of
oligomers of each order. Data are representative of at least three
independent experiments.

Figure 4. [Phe10,Tyr42]Aβ42 oligomer stability. [Phe10,Tyr42]Aβ42
was cross-linked and then electrophoresed in an SDS gel (see
Materials and Methods). (a) Coomassie-stained oligomer bands were
excised and re-electrophoresed, and the resulting bands visualized by
silver staining. Each lane number represents the expected oligomer
order. (b) ImageJ and MagicPlot were used to determine the
occurrence frequencies of oligomers of each order. Data are
representative of at least three independent experiments.
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monomer collisions.19 This question was addressed exper-
imentally and theoretically.20 Briefly, the PICUP-generated

oligomer distributions of two amyloidogenic [Aβ and human
calcitonin (CT)] and two nonamyloidogenic [human pituitary
adenylate cyclase-activating polypeptide (PACAP) and human
growth hormone-releasing factor (GRF)] peptides, all of similar
molecular weight, were compared. We reasoned that
amyloidogenic peptides, which are known to self-associate
rapidly, should produce oligomer distributions reflective of the
pre-existence of oligomers prior to execution of the cross-
linking chemistry. In contrast, the nonamyloidogenic peptides
would be expected to produce oligomer distributions reflective
of oligomerization caused almost solely by diffusion-limited
monomer collisions. These latter distributions would look like
simple ladders, containing one node of intensity dependent on
diffusion rates and peptide concentration. The former
distributions would be distinct from those of the latter and
could contain multiple nodes. This was what we observed.9,20

We also modeled the distributions mathematically by
parameterizing a simple diffusion-limited collisional oligomeri-
zation model with peptide concentration and chemical
reactivity (efficiency). These distributions (see Figure 6 of ref
20) were contrasted with that obtained for Aβ40, revealing that
the latter distribution was distinct and therefore could not be
explained by diffusion-limited collisions of the monomer. The
distributions also did not represent distributions obtained by
partial cross-linking of much larger oligomers, as such
oligomers were not found to exist.20 Instead, the distributions
comprised predominately oligomers of order 2−7 that
preexisted in solution. The data thus supported the conclusion
that the PICUP chemistry produced accurate insights into
oligomer distribution.
Data supporting the relevance of cross-linked species to

analyses of biophysical and neurotoxic properties of oligomers
also have come from the salmon calcitonin amyloid system.21,22

Salmon calcitonin (sCT), like Aβ, appears to be intrinsically
disordered but capable of forming oligomers and α-helix-
containing assembly intermediates. The α-helical state is
relatively stable, which may explain why sCT fibril formation
is a slow process. However, this fact has provided an
opportunity to compare the oligomerization distributions of
PICUP-cross-linked and non-cross-linked (native) sCT using
SDS−PAGE.21 The two distributions are highly similar,
comprising predominately dimers and trimers, but each of

Table 1. Oligomer Stabilities of Cross-Linked WT Aβ42 and Aβ42 Tyr Variants after Cleveland Gel Isolationb

oligomer order

peptide 1 2 3 4 5 6 7 8

WT Aβ42 79 ± 5 67 ± 3 43 ± 1 28 ± 2 42 ± 3 52 ± 4 51 ± 4 N/A
[Y1,F10]Aβ42 93 ± 1 74 ± 3 36 ± 8 28 ± 5 43 ± 6 36 ± 1 52 ± 8 N/A
[F10,Y20]Aβ42 74 ± 3 64 ± 5 34 ± 6 41 ± 2 50 ± 2 63 ± 2 60 ± 2 N/A
[F10,Y30]Aβ42 79 ± 2 75 ± 7 46 ± 5 51 ± 4 71 ± 3 77 ± 3 76 ± 2 N/A
[F10,Y42]Aβ42 72 ± 2 82 ± 1 81 ± 2 75 ± 3 90 ± 1 92 ± 2 92 ± 1 N/A

bValues are the percentage ± the standard deviation.

Table 2. Oligomer Stabilities of Cross-Linked WT Aβ42 and [Phe10,Tyr42]Aβ42 after Two Consecutive Cleveland Gel
Isolationsb

oligomer order

peptide 1 2 3 4 5 6 7 8

WT Aβ42 96 ± 2 90 ± 2 90 ± 2 61 ± 5 59 ± 5 57 ± 4 64 ± 5 83 ± 2
[F10,Y42]Aβ42 96 ± 0.7 96 ± 1.4 87 ± 0.4 83 ± 3 91 ± 2.3 92 ± 1.3 92 ± 3 N/A

bValues are percentages ± the standard deviation.

Figure 5. Model of Aβ42 oligomerization. The association and
dissociation patterns observed for oligomer orders 2−7 (Figures 2−4
and Figures S1−S3), along with the occurrence frequencies for each
oligomer (Tables S1−S5), were used to produce a model of oligomer
formation. Simple monomer addition models, akin to actin polymer-
ization,30 do not appear to explain these data. Instead, key roles are
played by monomers, dimers, and trimers, which appear to act as
building blocks for higher-order oligomers.
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these species is enriched after cross-linking. These data support
the conclusion that cross-linking does not substantially alter the
oligomerization or electrophoretic properties of the peptide but
simply stabilizes the oligomers against dissociation. The
implication is that structure−activity relationships established
in neurotoxicity experiments with cross-linked sCT are likely to
reflect the same SAR established with non-cross-linked
material. Induction suggests that cross-linked Aβ oligomers
thus would behave like their non-cross-linked structural
homologues, although this cannot formally be proven with
current techniques.
Our experiments suggest, on average, that the stability of

cross-linked oligomers increases as the Tyr is moved from the
N-terminus to the C-terminus. This was especially true for
oligomers of an order greater than trimer, for which the purity
of [Phe10,Tyr42]Aβ42 tetramer through heptamer was 75−
92%, a range significantly higher than that for the other
peptides (e.g., [Tyr1,Phe10]Aβ42 had a range of 28−74%).
The replacement of Ala42 with Tyr increases the hydro-
phobicity of the Aβ42 C-terminus, an effect that has been
shown to facilitate formation of higher-order oligomers (n >
7).19 This substitution also would be expected to stabilize a C-
terminal turn in Aβ42 that is critical for oligomer stability.23 We
previously showed that Tyr substitution at residue 30 or 42
significantly diminishes its intrinsic fluorescence relative to
substitution at position 1, 10, or 20, a result suggesting
stabilization or shielding of the Tyr.24 Measurements of solvent
accessible surface areas using molecular dynamics simulations
are consistent with Tyr shielding at the C-terminus.25 These
studies also revealed that Aβ42 oligomer formation was
predominantly driven by intermolecular interactions among
the C-terminal regions. The stabilization within the C-terminus
may play an important role in the oligomerization process and
explain the rapid evolution of later assembly states such as
protofibrils and fibrils. This suggests a simple mechanism by
which the Tyr42 substitution leads to stably cross-linked
oligomersit maintains the Aβ42 monomers comprising the
various oligomers in conformations amenable to rapid
intermolecular cross-linking. In the absence of such structural
stabilization, rapid conformational fluctuations in Aβ preclude
the Tyr−Tyr interactions necessary for cross-linking during the
short time span of the reaction (≈1 s). It is interesting in this
regard that recent studies of oligomers have used increased
irradiation times (7−10 s) to perform the PICUP chem-
istry.26,27

We note that [Tyr1,Phe10]Aβ42 formed the least stable
oligomers. It may be relevant in this regard that this peptide
displayed a distinct oligomerization pattern relative to those of
the other four peptides. All [Tyr1,Phe10]Aβ42 oligomer bands
displayed lower Mr values, and the intensities of the pentamer
and hexamer bands were relatively low. The anomalous
migration of [Tyr1,Phe10]Aβ42 oligomers may be due to
oligomer compaction,13 which could decrease cross-linking
efficiency by stabilizing Tyr1 in a conformer that was less able
to interact intermolecularly with other Aβ monomers. This
phenomenon would be the mirror image of that operating in
the [Phe10,Tyr42]Aβ42 system, in which C-terminal collapse
contributed to stabilization of a conformer that could cross-link
efficiently.25

Intrinsic to our discussion of primary structure and oligomer
stability (cross-linking efficiency) is the conformational space of
each peptide system; i.e., what is the occupation frequency of
each volume of that space? In simple terms, for how long does

each of the many possible monomer and higher-order
conformers exist? The answer to this question is related
directly to the energies of formation of each conformer, which
directly yield the probability that the particular conformer
forms. For Aβ40 and Aβ42, we have addressed this question
computationally,28 and from the probabilities thus obtained, we
have been able to construct surfaces that allow direct
visualization of the conformational spaces of each peptide.
However, this question also can be addressed in the opposite
manner, namely by starting with oligomer occurrence
frequencies and then constructing models of each conformer.
The matrices of nominal oligomer order versus oligomer
frequency (Tables S1−S5) provide us the means to do so, as
illustrated in Figure 5.
The results of this analysis suggest that the formation of

oligomers of order ≤7 occurs predominately through
association of dimers and trimers (Figure 5), as opposed to
actin-type iterative monomer addition.29,30 This oligomeriza-
tion mechanism explains the proclivity of Aβ42 to form
paranuclei (pentamers and hexamers). Our suggestions are
consistent with results of ion mobility spectrometry studies of
Aβ oligomerization, which reveal oligomer distributions
without the necessity for chemical cross-linking, that show
that Aβ42 readily forms dimers, tetramers, hexamers, and
dodecamers.31,32 Formation of tetramers and hexamers appears
to occur by association of dimers and trimers, respectively, as
opposed to dimer and monomer association. Of course,
production of odd-numbered oligomer units must require
addition of monomers. Further studies will be necessary to
determine the veracity of these suggestions.
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