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Alzheimer’'s A5 Peptides Containing an Isostructural Backbone Mutation Afford
Distinct Aggregate Morphologies but Analogous Cytotoxicity. Evidence for a
Common Low-Abundance Toxic Structure(s)?
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ABSTRACT. Amyloid 5 (ApS) peptide amyloidogenesis, involving the formation of numerous distinct
guaternary structures, appears to cause Alzheimer’'s disease. However, the precise identification of the
toxic structure(s) and the neurotoxicity mechanism(s) remains elusive. Mutatingftie-40 Phel9-

Phe20 backbone amide bond to an isostructiralefin bond enables formation of spherical aggregates

to the exclusion of detectable amyloid fibrils. Herein, the fibrillization and toxicity of amide-to-ester
mutants of A8 1—40 at the 19-20 position and surrounding backbone amide bonds are compared to the
fibrillization and toxicity of the 19-20 E-olefin A3 analogue and wild type /A Whereas isostructural
amide-toE-olefin mutations eliminate both the H-bond donor and acceptor capabilities, isostructural amide-
to-ester mutations eliminate the donor while retaining the ester carbonyl as a weakened acceptor. None
of the amide-to-ester A1—40 mutants prevent fibrillization; in fact several exhibit hastened amyloido-
genesis. The 1819 amide-to-ester substitution is the only backbone mutation within the hydrophobic
core region of the fibril (residues +221) that significantly slows fibrillization. Despite forming different
morphologies, the 1920 E-olefin mutant, the 1819 amide-to-ester mutant, and WTBA—40 fibrils

all exhibit similar toxicities when applied to PC12 cells at 18 h into the aggregation reactions, as assessed
by MTT metabolic activity measurements. This result suggests that a common but low abundance aggregate
morphology, that is accessible to these @nalogues, mediates toxicity, or that several different aggregate
morphologies are similarly toxic.

Aggregation of the amyloif8 (AS)* peptide into a mixture 1 transmembrane proteir2)( Extracellular and possibly
of quaternary structures, including cro8ssheet amyloid intracellular A3 aggregation in the brain, apparently exac-
fibrils, is implicated as the cause of Alzheimer’'s disease erbated by changes brought about by aging, is thought to
based on substantial genetic, biochemical, and pathologicalcause neurodegeneration, possibly through aygregate-
evidence {). However, the exact molecular structure of the mediated compromises in membrane structure and function
toxic entity or entities and their mechanism or mechanisms (3, 4). While A3 aggregates into oligomers and higher
of neurotoxicity remain elusive. molecular weight structures including spheres, pores,

The A3 family of peptides varying in length and aggrega- Protofibrils, and amyloid fibrils §), a high-resolution struc-
tion propensity are produced in the cellular secretory pathway tural model that is supported by numerous lines of experi-
by endoproteolysis of the amyloid precursor protein, a type mental evidence, including solid-state NMR and mutagenesis

data, is only available for A fibrils (5—7).
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10.1021/bi701757v CCC: $40.75 © 2008 American Chemical Society
Published on Web 12/14/2007




Ap Peptide Backbone Mutants Biochemistry, Vol. 47, No. 1, 200&%1

A

Phe20 Phe19

° ,;LN,? ;j\ﬁg ,gJ\Né— n+1

H H
(5) weakened eliminates
JL L‘ acceptor ¥ acceptor
’E N,E ,E 0,%’ ’é/\\\\\/% n
H eliminatés eliminates
& o donor o donor
J\ -~ /”\ - /”\ -
,E N’% ’% N’E —% N’% n-1
& H H
amide amide-to-ester  amide-to-E-olefin

Ficure 1: (A) Peptide backbone madifications remove intermolecular hydrogen bonds betyfeé&n40 strands (represented by the
differently colored ribbons) within the hydrophobic core region, LVFFA, residue217 Molecular models with and without the depiction

of side chain packing are shows) (Molecular Modeling DataBase accession number: 36199; box: H-bonds formed by the phenylalanines
F19-F20). (B) Amide to ester mutations of the peptide backbone eliminate the H-bond donor and weaken the acceptor, while amide-to-
E-olefin substitutions eliminate both the H-bond donor and acceptor.

quaternary structure formation, as H-bonds in this region folding or quaternary structure stability without perturbing
become desolvated in the process of amyloid formation. the structure of the amino acid side chains, the preferred trans
These residues adopt/strand conformation and are the conformation of the amide bond, the configuration of the
most N-terminal residues to be included in one of the two residue, or the psiphi dihedral angle preferences in the
crossp-sheets forming the amyloid core (Figure 14) 7). region of the mutation1(1, 18). Amide-to-ester backbone
Point mutations in this region are highly disruptive to muytations eliminate the amide-NH as a hydrogen bond
amyloid formation {2). Moreover, incorporation of structur-  gonor and render the carbonyl a weaker acceptor (Figure
ally disruptive N-methylated residues in this region result 1p) (18). Amide-toE-olefin substitutions eliminate both the

in fibrils with altered morphologies and fibrillization kinetics  p5ckpone H-bond acceptor €©) and the donor (NH)

(19). Itis thus reasonable to hypothesize that intermolecular (Figure 1B). Amide-taE-olefin and amide-to-ester mutations

hydrogen bonds in this region play a crucial role in stabilizing o5 e ytilized to fairly accurately estimate individual H-bond
intermediates on the way to the amyloid fold and especially energies, after correcting the measured perturbation free

the structure of amyloid itself, which is a low-energy . :
structure available to numerous peptides and proteiids ( energies for repulsions between the non-carbonyl oxygen of
the ester and the carbonyl oxygen of the amide on the

While traditional mutagenesis, enabled by the advent of = . ) .
recombinant DNA technology, has been used heavily by the neighboring strand (amide-to-ester mutations) and/or for the
! desolvation energy differences between an all amide se-

scientific community to probe the role of side chains in d taini inal f
structure acquisition and function, only recently has it quence and a sequence containing a singie es n
mutation (L7, 19).

become possible to modify the protein backbone in a similar

manner to understand the contributions of the amide bonds We previously communicated that mutating the Phe19

to folding and assembly energetics, as well as functidn (  Phe20 backbone amide bond ifg A—40 to anE-olefin bond

15, 16). The carbonyl and NH comprising the amide bond allows the formation of spherical aggregates to the exclusion

connecting two amino acid residues in a protein can acceptof amyloid fibrils, suggesting that these two H-bonds ifi A

up to two H-bonds and donate one H-bond, respectiviely, (  1—40 are critical for amyloid fibril formationZ0). Herein,

Protein amide backbone mutagenesis is generally accom-we further scrutinize the role of H-bonding in amyloidogen-

plished through the chemical synthesis or semisynthesis ofesis by carrying out a more extensive amide-to-ester mu-

proteins harboring amide-to-ester or amide=tolefin sub- tagenesis scan through the region gf A—40 that forms

stitutions (1, 17). the hydrophobic core within the amyloid fibril, comparing
Energetic comparisons between an all-amide protein andthe rates of amyloidogenesis, the seeding competence, and

the backbone mutated (ester Brolefin) analogues allow  the toxicity of the amide-to-ester variants to wild typ@ A

one to study the contribution of specific hydrogen bonds to 1-40 and the Phet9Phe20E-olefin A3 1—40 analogue.
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MATERIALS AND METHODS

A5 Peptide Analogue Synthesi§he EOAG peptide
analogue was synthesized as describe®@). (

Ester analogues L27 V18w, F19%, and F2@ of the A3

Bieschke et al.

ics of the various f& sequences and their ThT fluorescence
amplitudes were identical when using either the basic or the
HFIP monomerization procedures for both WT and EEOA
peptides; however, utilization of the HFIP protocol reduced
the lag phase by-30% compared to our previous studies

1-40 peptide were prepared using a published Boc/benzyl utilizing the high pH procedure2(, 22). Within each

solid-phase peptide synthesis strategy-hydroxy acid

experiment, all peptides were pretreated by the same

incorporation into the sequence is indicated by Greek procedure. The figure legends indicate which procedure was
symbols corresponding to the one-letter code for the analog-used. Peptide concentrations were calculated from absorption

ousa-amino acid) 21). Briefly, the synthesis was initiated
using 0.1 mmol of Boc-Val-PAM resin (0.8 mmol/g,

Advanced Chem Tech), and the chain extension was ac-

complished using am situ neutralization/HBTU activation

procedure, where 5-fold excess of amino acid was preacti-

vated with 4.8 equiv of HBTU and 7 equiv of DIEA in DMF
(1.3 mL) for 1.5 min before it was added to the resin. Each
coupling step took a minimum of 18 min. The coupling of
the a-hydroxy acid to the resin-bound NHhvas carried out
using a DIC/HOBt activation method, where thenhydroxy
acid (0.5 mmol) in 1.3 mL of DCM/DMF (1:1) was activated
with DIC (0.5 mmol) in the presence of HOBt (0.6 mmol)
at 0°C for 15 min. The mixture was added to the resin along
with NEM (0.2 mmol) and coupled for 15 min at room

measurements at 280 nm using an extinction coefficient of
1280 Mt cm™

Thioflavin T Aggregation Assay#\3 1—40 peptides were
monomerized as described above. For aggregation reactions
carried out in a plate reader, peptides (80) were incubated
at 37°C in A-buffer (300 mM NaCl, 50 mM Na-phosphate
pH 7.4) with 20uM ThT added. Thioflavin T fluorescence
emission was monitored at 485 nm (excitation at 440 nm)
using a fluorescence plate reader (Gemini EM, Molecular
Devices). Samples were incubated at°&7in low binding
96-well clear bottom plates (Corning), and ThT fluorescence
was recorded every 10 min. Samples were agitated for 5 s
before each reading. For aggregation reactions under constant
agitation, A3 peptides were incubated in 1.5 mL reaction

temperature. The ester bond was formed using a DIC/DMAP tubes (50uM peptide, A-buffer, 37°C). Agitation was

activation method where the next amino acid (0.5 mmol) in
1.3 mL of DCM:DMF (1:1) was activated with DIC (0.5
mmol) for 15 min at 0°C. The mixture was added to the
resin followed by NEM (0.2 mmol) and DMAP (2 mg) and
coupled fo 1 h at room temperature. After the whole

facilitated either by an overhead rotary shaker (20 rpm) or a
rocking platform (27 cycles per minute), as indicated in the
figure legend. ThT fluorescence was recorded by diluting
samples five-fold into A-buffer containing 2eM ThT and
measuring the fluorescence (excitation at 440 nm, emission

synthesis was complete, the peptides were deprotected andt 485 nm) with an Aviv ATF-105 Spectrofluorometer (Aviv

cleaved from the resin by treatment with anhydrous HF for

1 h at 0°C with 5% anisole as a scavenger. The resultant

peptide was precipitated with cold diethyl ether, dissolved
in acetonitrile:water (1:1), and lyophilized. The crude peptide
was purified by HPLC using a 25%0% linear gradient in

solvent B over 50 min [Vydac C18 column using solvent A
(5% acetonitrile, 95% water, 0.1% TFA) and solvent B (95%
acetonitrile, 5% water, 0.1% TFA)]. The purified peptides

Biomedical, Lakewood, NJ).

Circular Dichroism. A samples (5QuM) were mono-
merized by the HFIP method and aggregated either in a plate
reader (A-buffer, 37C, shakig 5 s every 10 min) or on a
rotary shaker (A-buffer, 37C, 20 rpm constant agitation)
as described in Results. Samples were sonicated for 15 min
using a water bath sonicator (FS60, Fisher Scientific). CD
spectra of & peptides were recorded at room temperature

were analyzed by analytical HPLC, and the masses wereon an Aviv CD spectrometer as previously describ2®).(

verified by MALDI-MS. For ester analogues offAcalcu-
lated (M + H)* 4331, observed: 4331 for analogue 117
4331 for analogue V18, 4332 for analogue F}9 4331 for
analogue F24.

AB Peptide MonomerizationThe A5 peptides were
pretreated to form monomeric solutions by one of two

methods as noted for the particular experiment. For experi-

ments that involved only WT Aand/or the EOA analogue,

Atomic Force and Electron Microscoplfrom an aliquot
of the aggregation solution specified in the figure legend,
20 uL was adsorbed to a surface of freshly cleaved mica (5
x 5 mm) for 1 min. The liquid was absorbed into filter paper.
Salt and unbound material were removed through three
washes by adding 3@L of water to the mica and im-
mediately absorbing it into filter paper. AFM images were
recorded in tapping mode with a Digital Instruments mul-

a high pH monomerization method was used, as previously timode scanning probe microscope with a Nanoscope llla

described 22, 23). Briefly, WT (purchased from Synpep,
Dublin, CA) or EOA3 were dissolved in NaOH at pH 10.5,
sonicated, and filtered through both @2 and 10 kDa cutoff
filters (Millipore). Both WT A3 and the EO# analogue

controller (Veeco, Woodbury, NY). Likewise, samples for
electron microscopy were prepared by adsorbifigsAmples

onto carbon-coated EM grids for 1 min, washing the grid
with 3 x 20uL water, and staining with a 2% uranyl acetate

gave similar yields of monomeric peptide. For experiments solution for 1 min. EM images were recorded with a Philips
using the ester analogues, which are more sensitive toCM100 electron microscope operating at an accelerating

alkaline hydrolysis, all peptides including WT and E@A
were pretreated with HFIP. In this HFIP method, kinetic

voltage of 66-80 kV, equipped with a Soft Imaging Systems
Keenview CCD camera.

reproducibility of the aggregation time courses was achieved MTT AssayAp peptides were subjected to aggregation

by dissolving the & sequence in HFIP (1 mg/mL), incubat-
ing it for 2 h, lyophilizing the HFIP solution, redissolving
the resulting solid /& in water (1 mg/mL), and subsequently
filtering the solution through 0.2m and 10 kDa cutoff
membrane filters (Millipore). The relative aggregation kinet-

on a rotary shaker (monomerized using the HFIP protocol,
aggregated at 50M peptide concentration, A-buffer, 3T,

20 rpm constant agitation) and frozen in acetone/dry ice after
the indicated times. Asamples were thawed and diluted to
final concentrations of kM, 250 nM, and 50 nM in K-12
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cell culture media containing 15% horse serum, 5% fetal
calf serum, and 1 mM glutamine and were then added to
PC12 cell cultures. Afte3 d ofincubation, metabolic activity
was assayed by MTT reduction as previously descridgd (
at three A6 concentrations; each experiment was performed
in triplicate and confirmed in an independent aggregation
assay.

RESULTS

To test the hypothesis that hydrogen bonds in the
hydrophobic core region of the®amyloid fibril are essential
for fibril formation and with the hopes of producingpA
analogues that can only adopt one or a restricted set of
aggregate morphologies, we chemically synthesized fgur A

1-40 analogues. In these analogues, the amide bonds linking

residues 1620 were replaced one at a time by ester bonds,
while retaining the native side chains. This was accomplished
experimentally by incorporating the-hydroxy acid equiva-
lent of thea-amino acid that contributed the-NH to the
hydrogen bond of interest into the chain during solid-phase
peptide synthesis, which changes the amide bond on th
N-terminal side of that residue into an ester-bandHydroxy
acid incorporation into the sequence is denoted by Greek

€
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Ficure 2: (A) Far-UV CD spectra of WT and backbone mutated
Ap peptides at pH 7.4 after the HFIP monomerization pretreatment
and prior to aggregation. (B) Aggregation time courses of WT and
amide-to-ester backbonefA1—40 mutants monitored by ThT
fluorescence. Peptides were monomerized utilizing the HFIP
protocol and then incubated at 3Z (50uM peptide, A-buffer, 20

symbols corresponding to the one-letter code for the analog-uM ThT) while shaking fo 5 s every 10 min in a fluorescence

ousa-amino acid. A 1-40 L174, V18w, F19, and F2@
amide-to-ester analogues were prepared using the Boc/benz

plate reader. Aggregation of the Fpeptide is delayed compared
the WT. (C) Incubation timestsp) required to reach the half-
aximal ThT signal derived from data of the type displayed in

solid-phase peptide synthesis strategy described in detailyanel (B): error bars indicate standard deviations of two sets of

previously ((1). We compared their aggregation time courses,

triplicate samples. (D) Far-UV CD spectra of the3 AL—40

structural characteristics and aggregate morphologies to thoseequences 150 h into the aggregation reaction described in (B).

of the F19-F20 E-olefin mutant of A6 1-40 (hereafter
referred to as EOA) (20) and wild type A5 1—40 (hereafter
referred to as WT).

Ap 1—-40 aggregates into amyloid fibrils by a so-called
nucleated polymerization mechanismuvitro, in which an
energetically unfavorable oligomeric structure, referred to
as the nucleus, must form before addition ¢f Aonomers
becomes thermodynamically favoraki®), Since nucleation,
associated with a kinetic lag phase, is rate limiting, the

compound whose fluorescence quantum yield significantly
increases upon binding to amyloid and other aggregate
structures, including spherical aggregates. The ThT fluores-
cence curves in Figure 2B represent averages of independent
triplicate experiments during the first 80 h of the aggregation
time course (aggregation end pointl150 h) @2, 25).

All amide-to-ester £ 1—40 variants exhibit time-depend-
ent increases in ThT fluorescence, consistent with aggrega-
tion, albeit with variable time courses (Figure 2B). The ThT

presence of small quantities of aggregates larger than thefiyorescence amplitudes achieved are comparable to those
nucleus in the aggregation reaction bypasses the requiremenéxhibited by WT (Figures 2B, S1A, Supporting Information),

for the nucleation step, thus vastly accelerating or seeding
amyloidogenesis. Therefore, it is critical to pretregt %
remove seeds, i.e., to monomerize it quantitatively (see

indicating that similar amounts of amyloid are formed.
Aggregation of the L1%, V18w, and F2@ (the latter has
the same amide bond mutated as in EB)AS 1—40 amide-

Materials and Methods), so that the aggregation time coursesyg-ester backbone mutants is surprisingly accelerated relative

are reproducible. Far-UV circular dichroism (CD) studies

of A amide-to-ester mutants monomerized using the HFIP
protocol afford spectra consistent with an unstructured
ensemble of conformations, a so-called random coil, identical
to that of WT monomerized by the HFIP protocol (Figure

2A).

F19 AB Aggregation Exhibits a Prolonged Lag Phase,
Whereas the Other Amide-to-Ester Variants Aggregate
Faster than WT.Amide-to-ester & analogues and WT
monomerized by the HFIP procedure were subjected to
aggregation assays performed in triplicate at physiological
pH (50 uM peptide in A-buffer with 20uM ThT added,
shaking fa 5 s every 10 min in a plate reader at 32).
Agitation makes 4 aggregation fast enough to be conve-
niently observed on a laboratory time scal@?)( The
aggregation of WT and Abackbone mutants was monitored
by thioflavin T (ThT) fluorescence. ThT is an aromatic

to WT; the amount of time it takes for L17V18w, F20p,

and WT to reach the half-maximal ThT fluorescence
amplitude tsg) is 10, 12, 18, and 30 h, respectively, (Figure
2C). In contrast, the F19 peptide forms ThT positive
aggregates more slowly than Wik«(~ 60 h) under these
conditions. Average times for amyloid formatiotso(=+
standard deviation) from two experiments each performed
in triplicate are presented in Figure 2C. Accelerated amyl-
oidogenesis of L1%, V18w, and F2@ relative to WT clearly
demonstrates that elimination of one hydrogen bond donor
from each peptide in the fibril does not preclude the
formation of ThT binding competent aggregates. Aggregation
of these amide-to-esterAanalogues may be accelerated
because the free energy penalty is lower for transfer of the
amide-to-ester A& 1—40 variants from agqueous solution to
the core of the amyloid fibril (desolvation) than for the all-
amide sequence(). The aggregation kinetics of the amide-
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to-ester analogues relative to WT and E©were confirmed
independently using a different method of agitation, namely
continuous agitation over a time course of 84 h (8a
peptide in A-buffer, 37C, 20 rpm continuous agitation in

a rotary shaker following monomerization by the HFIP
method). After 1, 4, 18, 22, 30, and 84 h, aliquots were
removed and homogenized by sonication in a water bath
sonicator (5 min). ThT signals at each time point and far-

UV CD spectra (0 h, 18 h, 84 h) were recorded as described

in Materials and Methods (Figure S1, Supporting Informa-
tion).

Amide-to-Ester & Analogues Aggregate into Fibrillar,
fB-Sheet Rich StructureSemporals-sheet structure acquisi-
tion of A and its amide-to-ester backbone mutants was
monitored by far-UV CD spectroscopy after treatment by
the HFIP monomerization protocol. The peptides all exhibit
minima in their CD spectra at 207 nm, consistent with
unordered structures directly following monomerization
(Figure 2A). After 150 h of incubation in a plate reader (50
uM peptide, A-buffer, 37C, 5 s ofagitation every 10 min),
all peptides show CD spectra with minima at 217 nm (Figure
2D), consistent with previously reported spectrg8egheet
rich fibrillar aggregatesl(, 20, 26). The observed differences
in CD amplitudes may be due, in part, to light scattering,
complicating interpretation. Far UV CD spectra (0 h, 18 h,
84 h) of WT and its amide-to-ester backbone mutant

analogues aggregated using continuous agitation in a rotary

shaker confirm that all peptides adgpsheet rich aggregate
structures as aggregation proceeds (Figure -S2BSup-
porting Information). As expected, the appearancg-sheet
secondary structure is delayed in the I#ptide (Figure
S1C, Supporting Information), consistent with the delayed
increase in ThT fluorescence (Figure S1A, Supporting
Information).

The morphologies of the amide-to-esteff Aggregates
formed by agitation in a plate reader (5M peptide,
A-buffer, 37 °C, 5 s of agitation every 10 min) were
monitored at the endpoint (150 h) by electron microscopy
(EM, Figure 3A). Morphologies of aggregates formed under
constant agitation in a rotary shaker (50M peptide,
A-buffer, 37°C, 20 rpm of constant agitation) after 18 and
84 h were monitored by atomic force microscopy (AFM,
Figures S2, S3, Supporting Information). Morphologies of
the final aggregatedf-sheet rich peptides are fibrillar
(Figures 3A, S3, Supporting Information), although some
differences in fibril length and diameter can be discerned
between distinct & peptide backbone mutants SA-19
predominantly forms short, thin straight fibrils early in the
aggregation, which later form thickly tangled aggregates,
whereas the L17peptide forms networks of very long fibrils
(>5 um) early in aggregation (Figure S2, Supporting

Bieschke et al.
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Ficure 3: (A) Electron microscopy images of amide-to-ester
substituted 4 peptides monomerized by the HFIP method and
incubated for 150 h as described in Figure 2B, scale bars 200 nm.
(B, C) SDS-PAGE of amide-to-ester mutated peptides detected

by Western blotting (mAb 6E1@) and Coomassie staining (C)
after aggregation under the same conditions. No proteolysis of
amide-to-ester mutated peptides was detected. (C) Relative amounts
of aggregated and solublg3fpeptides were determined after a 150

h incubation period by ultracentrifugation (1 h, 200 gpy
running supernatants and pellets in a Coomassie stained SDS-PAGE
gel (shown: F18) and comparing the amount of peptide in each
sample to a dilution series of WT using densitometry. (D) Relative
amounts of the & sequences found in ultracentrifugation super-
natants and pellets were determined by absorbance at 280 nm after
denaturation wh 6 M guanidine hydrochloride. (E) Mixtures of
WT and F19 Aj were subjected to aggregation (a0 total
peptide, A-buffer, 1% DMSO, 2@M ThT, 37 °C, shaking 5 s
every 10 min in a plate reader) angvalues were recorded. F&9
does not inhibit the aggregation of WT at substoichiometric
concentrations. Error bars indicate standard deviations from a
triplicate experiment.

errors were estimated to be10%. Also, no peptide

fragments were observed on Coomassie stained gels; thus,

hydrolysis of the ester bonds does not appear to occur.
F19 Peptide Does Not Inhibit WT Fibril GrowtlSince

the F19 peptide exhibits a slowed aggregation time course,

Information). Western blot analysis of these samples revealswe tested whether it could slow or inhibit the formation of

no proteolytic fragments (Figure 3B).

Ap aggregates formed by agitation for 150 h in a plate
reader (5Q«M peptide, A-buffer, 37C, 5 s ofagitation every
10 min) were pelleted by ultracentrifugation at 200 §00

ThT positive aggregates by WT at substoichiometric con-
centrations. To test this hypothesis, mixtures of WT and the
F19) peptide containing both peptides in ratios from 1:50
to 4:1 (F19:WT) at a total concentration of 50M were

and the relative amounts of aggregated and soluble peptidesaggregated in conditions under which the §1Beptide
were assessed by SDS-PAGE utilizing Coomassie stainingdisplayed aso of 80 h (A-buffer, 20uM ThT, 1% DMSO,

(Figure 3C) and by absorbance at 280 nm (Figure 3D). About
80% of the WT and amide-to-ester variants were found in
the pellet fraction, except for the VaBpeptide, where only
50% was in the pellet fraction (Figure 3D). Quantification

37 °C, shakig 5 s every 10 min in a plate reader), more
than twice that of WT (35 h, Figure 3E). Substoichiometric
amounts of F1® do not inhibit aggregation, i.e., the

aggregation kinetics of mixtures containing 50% or lessf=19
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Ficure 4: Aggregation time courses for seeded reactions monitored —— g
by ThT fluorescence. WT (A) and F¢9B) monomerized by the pre-sagregation od aggregation
HFIP method were incubated as described in Figure 2B with seeds C

of WT and F19 fibrils, respectively, added &t= 0. Seeds originate
from end products of the aggregation of WT (A) or B1@B) in

the time course described in Figure 2B. The end products were
sonicated for 30 min and added to the aggregation reaction at final

17
88 =
a7

concentrations of 0.5%, 1%, and 2% (w/w). A comparison of the
slopes of seeded WT aggregation (C) and seeded¢ &@fregation
(D) indicate the growth rates are similar for WT and B1&g3. a 0 seec no seed

are indistinguishable from WT, whereas, values of
mixtures containing 4:1 F¥®WT lay between those of the
two pure peptides. This is consistent with the WT nucleation
step being rate-limiting. Once WT seeds form they can recruit
WT or F19p to the fibril at nearly equal rates.

To scrutinize this hypothesis, the relative rates of WT and
F19 fibril growth were evaluated using a seeded aggregation
assay 22, 27), employing fibrillar seeds composed of the

same sequence (Figure 4) (BM peptide monomerized by . ! )
o ; Ficure 5: Comparison of WT and EQRpeptide aggregation. (A)
the HFIP protocol, A-buffer, 2aM ThT, 37°C, shaking 5 These peptides were monomerized using the high pH protocol and

s every 10 min in a plate reader). The growth rates of¢F19 were agitated on a rocking platform for 6 weeks (8@ peptide,
are comparable to WT (Figure 4C,D). Taken together, these A-buffer, 37 °C, 27 cycles per minute, constant agitation). The

findings suggest that the H-bond deletion at F19 inhibits aggregation kinetics of WT (white diamonds) and E©fgray
nucleation rather than fibril growth. squares) were monitored by ThT fluorescence. (B) Electron

) ) . . micrographs of samples aggregated for 9 and 42 d show no fibrils
Amide-to-E-Olefin & Peptide Analogue Forms Spherical in the EOA3 sample; scale bars: 200 nm. (C) WT and E©DA
AggregatesThe EOA3 analogue 20) and the F20 ester

WT seed

subjectedd 9 d ofaggregation were fractionated by ultracentrifu-
analogue are similar in that they both have a mutated 19 gation (1 h, 200 00§). SDS-PAGE detected by western blotting

: : P, (6E10 antibody) of the pellet and the supernatant fractions reveals
20 amide bond. The Fz20backbone mutation eliminates the a degree of aggregation in the E@/eptide that is comparable

H-bond donor that makes a hydrogen bond to the neighboringig “if not greater than WT. (D) AFM images of EGA50 uM)
(n — 1) ApB peptide in the fibril (Figure 1B). It should be representative of the aggregate morphologies observed after 7 d
noted that if the aggregates formed are in-register, then theincubation (high pH pretreatment protocol, A-buffer, &7, 20 rpm
amide-to-ester mutants will effectively eliminate both the gggrrggagej%ﬁegs‘ggg dinicv;:teh%gtr tshoeo ?I(Ij‘r(’ljltﬁ(;g?]ft ggléwzlg)nm
H-bond d9”°r and acceptor fun(_:tlona“t'es_ a}t the '°_°at,'°_” of Left panels: spherical a’ggregates, right pc’";mels: small fibers
the mutation. The F2@mutation is not sufficient to inhibit  exiending from spherical aggregates; spherical aggregates and
fibril growth or nucleation. Thé&-olefin substitution deletes  spherical aggregates sprouting microfibrils were observed in a ratio
the 19-20 H-bond donor as well as the H-bond acceptor, of ~10:1, respectively.
so that the intermolecular H-bonds between the precedingcomparab|e to that of WT amyloid fibril20). Aggregation
(n — 1) and the following if + 1) AS peptides mediated by  proceeds somewhat faster for the E®an for the WT
the 19-20 amide bond are not possible (Figure 1B). Deletion (Figures 5A, 6A (right panel), and S1A, Supporting Informa-
of the H-bond donor and acceptor in E@4As sufficientto  tjon). However, EO/ does not populate a fibrillar morphol-
preclude nucleation and growth of amyloid fibrils, but not gy to an extent that can be detected in EM images 6),
aggregation, as demonstrated below. even after six weeks of continuous agitation (80 peptide

As we previously demonstrated, EQAelf-assembles into  monomerized by the high pH method, incubated in A-buffer,
spherical aggregates that bind ThT and exhibit fluorescence37 °C, rocking platform 27 cycles per minute), Figure 5B.
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To further scrutinize this finding, EQA(50 #M) mono- A 1500 . EOAB
merized by the high pH method was incubated for eight e---B -~ £ 1000
weeks at 37C with continuous agitation in a rotary shaker é o £ s00- wWT
(A-buffer, 0.02% NaN, 20 rpm continuous agitation). AFM ®  m w
images were recorded after 7 dags< 70) and after 8 weeks tih)

(n = 48) to obtain a statistically comprehensive picture of

the aggregate morphologies. About 2500 spherical EOA B w0, WTr>wT _
aggregates or clumps thereof are present after 7 d, 10% of ~ 1000 _.:\:%
which sprout thin fibrillar extensions 18 nm in diameter £ —0.3%
or display short fibrils (56 nm diameter) intimately 1 —1%
associated with spherical aggregates (representative images 0 3%
in Figure 5D). Relative amounts and morphologies of ° . ®

aggregates do not increase over the course of 8 weeks (data C 5%, EOAB » WT

not shown). In none of the samples do we observe twisted 000 :‘g‘:%
fibrillar aggregates having a diameter of 120 nm char- 3 —0.3%
acteristic of WT fibrils. It is important to note that the * 500 —1%
distribution of EOAG aggregate morphologies is not changed o = 3%
by the addition of sonicated WT fibrils (3% w/w) at the 0 20

beginning of the EOA reaction, demonstrating that EQA tnl

is not competent for fibril growth (Figure 5D), in contrast D e, WT + EOAp

to the behavior of the amide-to-estef Analogues studied 1000 —EOAB
above. E :‘1’;;:%

The far UV CD spectra (see réX0) of these spherical = s —3%
EOApB aggregates suggespBasheet rich structure, albeit one 0! _ _ - T 10%
that differs from the crosg-sheet spectra observed for the 0 5 1 15
fibrillar A 8 aggregates composed of the amide-to-esjer A ¢l

analogues or WT. EOAaggregates exhibit a slight shiftin  FIGURE 6: EOA3 forms spherical aggregates capable of seeding
their minima toward longer wavelengths (222 vs 218 nm WT fibrillization, but WT will not seed EOf& aggregation

. - . (fibrillization or spherical aggregate formation). (A)pA1—40
for WT and amide-to-ester Afibrils) and lower amplitude aggregation proceeds by a nucleated polymerizaitionitro, as

minima. EOAG and WT peptides monomerized using the described in the introduction. Spherical aggregates could be an
high pH method were incubatedrf® d on arocking platform intermediate on the pathway to amyloid fibril formation. (A, right)
(50 uM peptide, A-buffer, 37C, 27 cycles per minute). The  Aggregation kinetics of WT and EQAmonomerized by the high

; ; _pH procedure (aggregated with 201 peptide, A-buffer, 2QuM
soluble and insoluble fractions were separated by ultracen ThT, 37°C, plate reader shakirb < every 10 min) were monitored

t“fuga“on _(100 00g) and were quaptlfled by Western by ThT fluorescence. The aggregation endpoints of the aggregation
blotting (Figure 5C) and by absorption at 280 nm after reactions in A, right were used as seeds il (B—D) Monomeric
denaturingm 6 M guanidine hydrochloride (data not shown). WT and monomeric EOA were subjected to aggregation as
Both methods confirm that an equal, if not greater fraction described in (A), with and without the addition of a defined amount

; ; of seeds. Seeds formed from WT or E@Aggregates (A, right)
of the EO/S sediments at 100 0@Qelative to that of WT. were sonicated for 30 min prior to addition. (B) WT monomer

Taken together, these data suggest that the deletion of tWaseeged by WT aggregates and (C) WT monomer seeded bySEOA
crucial H-bonds in the hydrophobic core region prevents the aggregates show faster kinetics of aggregation upon addition of
formation of crosg-sheet rich fibrillar structures. However,  seed. (D) In contrast, EQAmonomer seeded by the addition of
the backbone mutation in EQiAstabilizes a ThT-binding ~ WT aggregates does not show an increase in aggregation kinetics.
spherical aggregate morphology. Interestingly, a spherical

aggregate structure is also produced as an intermediate ifn@nner (Figure 6B). Notably, addition of E@Aspherical
WT fibrillization and is generated as a metastable structure 8d9regates accelerates the aggregation of WT under the same

when WT is treated with cholesterol oxidation products, "€action conditions (Figure 6C), demonstrating that they
which promote the aggregation of3fpeptides by covalent suffice to bypass the WT nucleation requirement.

modification of A3 (22, 28). In striking contrast, WT fibrils that hasten monomeric WT
EOAB Spherical Aggregates Can Seed WT Fibrillization; amyloidogenesis do not hasten monomerized E&pherical
in Contrast, WT Fibrils Cannot Seed E@Aibrillization. aggregate formation or seed fibrillization (Figure 6D), even

The spherical morphology and partigtsheet structure at seed concentrations up to 10% w/w. This result is also in
exhibited by the EO aggregates suggest that their structure contrast to that observed for spherical aggregates formed by
may be analogous to the spherical aggregation intermediatedVT in the presence of cholesterol oxidation products, which
formed by WT during its amyloidogenesis. Thus, we wanted We have demonstrated to be kinetically competent to ef-
to test whether the EQAspherical aggregates could hasten ficiently form fibrils from WT seedsZ2, 28).

WT fibrillization through a seeding mechanism (Figure 6A)  ThT-Positve A Aggregates Exhibit Similar Toxicities
(22, 29). As a control, we showed that the addition of WT Independent of MorphologyAn A backbone variant
amyloid fibrils, which had been sonicated for 30 min to form exhibiting delayed fibrillization (F18) and another that is
seeds of uniform length, accelerates the rate of WT aggrega-trapped in a spherical aggregate morphology (BDAre
tion (50 uM peptide monomerized using the high pH ideally suited to study the cytotoxicity of thes¢ Aaggregate
procedure, A-buffer, 2&M ThT, 37 °C, shakirg 5 s every morphologies in comparison to WT. To probe structdre
10 min in a plate reader) in a concentration-dependent toxicity relationships, the & 1—40 amide-to-ester mutants,
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18 h into the time course that, in spite of its low overall
abundance, is the main mediator of cytotoxicity in this
context, measured by metabolic activity.

DISCUSSION

Our study demonstrates that the elimination of one H-bond
donor (by amide-to-ester backbone mutagenesis) within the
hydrophobic core region of the/Aamyloid fibril (residues
17—-21) is not sufficient to preclude A1—40 fibrillization,

FIGURE 7: WT and A8 1—40 backbone mutants, monomerized by although it does alter the rate of amyloidogenesis, as has
the HFIP procedure and subjected to an aggregation reaction (50also been observed froftsheet perturbation by the incor-

uM peptide, A-buffer, 37°C, 20 rpm constant agitation) as
described in Figure S1 (Supporting Information), were added to
the culture media of PC12 cells for 3 days (1:300 dilution) after
which cellular metabolic capacities were assayed by MTT reduction.
F19 significantly (@ < 0.01) but not substantially reduces
metabolic activity compared to Wh(= 3). Preaggregation time:
white barst = 0 h, striped bar$ = 18 h.

the EOAG variant, and WT were monomerized by the HFIP
procedure and were aggregated on a rotary shakeul60
peptide, A-buffer, 37°C, 20 rpm, Figure S1, Supporting
Information). Aggregates were diluted 1:300 into the medium
of rat adrenal pheochromocytoma (PC12) cells. PC12 cells
have been used extensively to characterize the toxicity of
amyloidogenic peptides and proteids30). The MTT assay,
which monitors the reductive metabolic capacity of the cell
(31), was used as a surrogate marker for cytotoxicity. To
characterize the metabolic capacities at a point in the time
course where the extent of aggregation was maximally
different, the data in Figure S1A (Supporting Information)

poration of non-isostructural N-methylated amino acids at
positions 17 and 191Q). In contrast, the one amide-t&-
olefin AB backbone mutant prepared to date, EED#vhich
eliminates both a H-bond donor and acceptor from each
peptide in the hydrophobic core region of thg 240 fibril,
precludes fibril formation but not aggregation into spherical
structures. Th&-olefin A5 analogue has the most favorable
transfer free energy for fibrillization, much more favorable
than the all amide WT sequence and more favorable than
the amide-to-ester Avariants, which suggests that its loss
of H-bonding capacity explains the inability of E@AO0
fibrillize (19). Whether eliminating two H-bonds is generally
sufficient to block fibrillization will need to be tested by the
preparation of additiondt-olefin A3 1—40 variants in the
hydrophobic core of the fibril, which, unfortunately, are much
more difficult to prepare than the amide-to-ester variants of

Ap studied herein: L1¥, V18w, F19, and F2@.

It is very interesting that the EQAspherical aggregates

were consulted. Samples were removed and frozen at thet@" seed WT amyloid fibril formation, whereas WT fibrils
start as a monomeric control, which should not exhibit c@nnot seed EOQAfibrillization, nor can WT fibrils seed

toxicity. Samples were removed and frozen after 18 h of
incubation, when the differences in ThT signals between
F19, EOAB, and WT were maximal. Samples were also

EOAS spherical aggregate formation. While the E©A
spherical aggregates are competent to nucleate WT fibrilli-
zation, it is clear that the EQAmonomers are not competent

taken after 84 h of incubation when aggregation was to be recruited to a WT seed in a conformation or quaternary
complete for all sequences. The samples were thawed andtructure that promotes fibril growth, presumably because
assayed in the PC12 cells as described above using triplicat®f the loss of two H-bonds in the hydrophobic core. This

samples.

interpretation is consistent with the fact that fibrils are very

None of the peptides frozen at the beginning of the rarely observed during EQAaggregation, and when they
aggregation induce statistically significant decreases in &€ observed (in 10% of the aggregates), the small fibrillar
metabolic activity, as expected of unstructured monomers structures emerging from the spherical aggregates are distinct

(Figure 7, white bars). In contrast, all of the peptides reduce
the MTT signal in their ThT positive aggregated state 18 h

from WT amyloid fibrils.

The ability of EOAS spherical aggregates to seed WT

into the time course (Figure 7, striped bars). It is surprising fibrillization was not completely unexpected, as we had
that the toxicities of these sequences, as assessed bypreviously shown that WT spherical aggregates prepared
metabolic activity, are very similar, despite notable differ- under quiescent conditions with the assistance of oxidative
ences in aggregate morphology or extent of aggregation. Themetabolites rapidly form fibrils when shaken, suggesting their
E-olefin analogue adopts predominantly spherical aggregateskinetic competence for fibrillization and their ability to act
at all time points and exhibits cytotoxicity indistinguishable as fibril nuclei. Heterologous nucleation has been demon-

from that of WT fibrils. F19 has only begun to form ThT
positive aggregates after 18 h and exhibits a statistically
significant @ < 0.008) reduced toxicity relative to WT
aggregation. However, the differences betweenprlrtd WT

strated in various amyloidogenic peptid@2{34).

None of the backbone mutagenize@ A—40 peptides

studied herein exhibit toxicity immediately after monomer-
ization using the HFIP protocol as ascertained by a reduced

cytotoxicity are much smaller than expected. Assaying the MTT signal, demonstrating that it is unlikely that the

impact on cellular metabolic activity of these analogues 84 unstructured monomers or a defined conformer of the
h into the time course, after completion of aggregation, monomer is toxic. In contrast, all of the peptides are toxic,
reveals very similar levels of toxicity for all aggregates (data based on a reduced MTT metabolic signal, in their ThT

not shown). These data strongly suggest that either sphericapositive aggregated state 18 h into the assembly time course,
and fibrillar ThT-binding aggregation products have similar even though the predominant structures are different: spheri-
toxicities or that there is a common conformation or cal aggregates in the case of E@And incompletely
aggregate morphology that is accessible to #lahalogues  aggregated fibrils in the case of the Kilénutant. Even
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though EOA cannot adopt a fibrillar aggregate morphology,
it exhibits toxicity similar to that of WT, which adopts a
predominantly fibrillar morphology under identical condi-
tions. The amide-to-esterfALl—40 variants all adopt at least
a partial fibrillar structure 18 h into the aggregation time
course and exhibit cytotoxicity that is very similar to WT
and EOAG (Figures 7, S2, Supporting Information).

Considered together, these data strongly suggest that there
is a common rare quaternary structure or aggregate morphol-
ogy that is accessible to allPanalogues 18 h into the time
course that mediates PC12 cell toxicity. It is also possible,
although less likely, that all of the observable aggregate
morphologies exhibit similar cytotoxicity. PC12 cell cyto-
toxicity seems to correlate with other markers of proteotox-
icity in AD (primary neuronal survival and long-term
potentiation 85)); however, structurecytotoxicity relation-
ships among these/fanalogues have not been revealed by
these other assays.

Our findings are consistent with the emerging idea that it
is not the fibrils that exhibit proteotoxicity in Alzheimer’'s

6.

7.

10.

and related protein aggregation diseases. Instead, it appears

to be an as yet undefined oligomeric intermediate. This view
is corroborated by the appearance of an oligomeric 56 kDa
Ap species that correlates with the appearance of a pro-
teotoxicity phenotype in Alzheimer's disease model mice
(36), and by the appearance of stable trimeric structures in
worm Alzheimer models (re4 and unpublished data).
Oligomeric A5 peptide aggregates, which consist of SDS-
stable trimers, were also found to inhibit neuronal long-term
potentiation 85). It is also notable that oligomeric/Aspecies

of similar morphology and secondary structure as the ones
observed for EOA are formed in the presence of lipid
oxidation products43, 28). Given that it is now possible to
site selectively introduce unnatural amino acids into a given
protein in a cell 16), backbone mutagenesis technologies
could be useful for understanding the structural basis for A
cytotoxicity in organismal models of Alzheimer’s disease.
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SUPPORTING INFORMATION AVAILABLE

Aggregation of A and its backbone variant analogues
mediated by agitation on a rotary shaker (@l peptide
monomerized by the HFIP protocol and aggregated in
A-buffer, 37 °C, 20 rpm constant agitation, monitored by
ThT fluorescence) for use in toxicity assays and CD (Figure
S1). AFM images of WT, EORA, and the amide-to-esterfA
1-40 analogues aggregated as described in Figure S1 for
18 h (Figure S2) and 84 h (Figure S3) are shown. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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