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Oxidative Metabolites Accelerate Alzheimer’'s Amyloidogenesis by a Two-Step
Mechanism, Eliminating the Requirement for Nucleation
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ABSTRACT. The process of amyloid formation by the amyldigheptide (A), i.e., the misassembly of /A
peptides into soluble quaternary structures and, ultimately, amyloid fibrils, appears to be at the center of
Alzheimer’s disease (AD) pathology. We have shown that abnormal oxidative metabolites, including
cholesterol-derived aldehydes, modify And accelerate the early stages of amyloidogenesis (the formation
of spherical aggregates). This process, which we have termed metabolite-initiated protein misfolding,
could explain why hypercholesterolemia and inflammation are risk factors for sporadic AD. Herein, the
mechanism by which cholesterol metabolites hastgnlA40 amyloidogenesis is explored, revealing a
process that has at least two steps. In the first step, metabolites m@difgplides by Schiff base formation.

The A5—metabolite adducts form spherical aggregates by a downhill polymerization that does not require
a nucleation step, dramatically accelerating @ggregation. In agitated samples, a second step occurs in
which fibrillar aggregates form, a step also accelerated by cholesterol metabolites. However, the metabolites
do not affect the rate of fibril growth in seeded aggregation assays; their role appears to be in initiating
amyloidogenesis by lowering the critical concentration for aggregation into the nanomolar range. Small
molecules that block Schiff base formation inhibit the metabolite effect, demonstrating the importance of
the covalent adduct. Metabolite-initiated amyloidogenesis offers an explanation for haggkegation

could occur at physiological nanomolar concentrations.

Alzheimer's disease (AD)is one of the most common tion between & and oxidative metabolites enableg Ao
age-associated pathologies, which inevitably leads to de-aggregate at nanomolar concentratiof)s Reactive oxygen
mentia and death. AD is strongly linked to the formation of species produced during inflammation and oxidative stress
amyloid (a fibrillar, 3-sheet-rich aggregate) by the amyloid cause the formation of aldehyde-containing metabolites that
S peptides () (1). Ap is a family of peptides from 39 to  can covalently modify proteins through Schiff base forma-
43 residues long with a common N-terminus and a raggedtion. We have found that modification of Aby some of
C-terminus. They result fron- and y-secretase cleavage these metabolites can increase the amyloidogenicity/®f A
of the amyloid precursor protein (APP) during secretidn ( (7). In particular, A rapidly aggregates in the presence of
3). A central biophysical mystery of AD is how amyloido- the recently discovere®) oxidative cholesterol metabolites
genesis occurs at physiological concentrations 8f Ahe 36-hydroxy-5-oxo-5,6eceholestan-6-al (Figure 1A1) and
average concentration offAin the human brain is under 10 its aldol product 2; note that becauskis rapidly converted
nM, whereas the critical concentration fos Aamyloidogen- to 2 in the presence of A we write it hereafter ag(2)).
esis in vitro is £-10 uM (4, 5) (the critical concentration is  This process results in spherical aggregates much like those
the concentration below which amyloidogenesis cannot that have been proposed to be the most neurotoxic aggregates
occur). Previous explanations for howsAaggregates in the  on the A3 amyloidogenesis pathwa®<{16). The critical
human brain assume thapAs concentrated by-34 orders concentration of £—1(2) adducts was determined to be less
of magnitude on membranes or in organelles, or that the than 100 nM, suggesting that metabolite modification could
critical concentration may be lowered accordingly by pHs trigger A3 aggregation in vivo and therefore may play a role
< 6 or by divalent metal ionj. We have recently proposed in the pathogenesis of sporadic AD. Because of this obser-
an alternative explanation, whereby covalent adduct forma- vation, the mechanism of action of metabolite-mediat¢gd A
aggregation merits scrutiny. Herein, we probe the mechanism
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1Abbrevi:_;ltions: AD, Alzheimer's disease; APP, amyloid pre-
cursor protein; AFM, atomic force microscopygAamyloid peptide; Preparation of Seed-FreefA A 1—40 was purchased

A[1—40, amyloid peptide with amino acid residues4D; CD, circular i _
dichroism; CMC, critical micelle concentration; PBS, phosphate- from. Synpep (Dublin, CA). To ensure that{A1—40 .
buffered saline: HPLC, high-performance liquid chromatography; TfT, Solutions were seed-free, they were pretreated as described

thioflavin T dye. previously {7). Briefly, Af 1—40 powder was dissolved in
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fold with phosphate buffer (100 mM sodium phosphate/600
mM NacCl, pH 7.4) containing TfT (4@&M). This solution
was added to an equal volume of pretreatgsl 1A-40 at

A1.2 - twice the desired final concentration{200uM) in pH 10.5
g NaOH. The final solutions contained3—40 (1-100uM),
§1-° B TfT (20 uM), and1(2) (1—100«M) in phosphate buffer (50
Sosl mM sodium phosphate/300 mM NacCl, pH 7.4) with 1%
= o 2-propanol. Three aliquots (20Q.) of these solutions were
0.6 O AB 1-40+1(2) transferred into wells of a 96-well microplate for each
o4k © AB 1-40 alone reaction (Costar black, clear bottom). The plate was sealed
% a and loaded into a Gemini SpectraMax EM fluorescence plate
£0.2 reader (Molecular Devices, Sunnyvale, CA), where it was
80 o%"m ) ) Lo . “ incubated at 37C. The fluorescence (excitation at 440 nm,
' 100 200 30 40 50 60 70 80 emission at 485 nm) was measured from the bottom of the
time (h) plate at 10 or 30 min intervals, with or withbb s of shaking
B shake 5 s / 30 min - before each reading. Each data point was the average of 30
g4.0r .. " scans. Fluorescence traces &gad/alues represent averages
§3.5 B : . " - of at least three experiments. Errors were consistently 10%
830F . or less of fluorescence values. For normalization, the mini-
§2_5 I . mum fluorescence signal was subtracted from all fluores-
Eaok ! cence values, and the average fluorescence of the plateau
';1 sk ~1 " = AB 1-40+1(2) phase was defined as 1. In cases in which the slope of the
2 Ly + Ap 1-40 alone plateau phase fluorescence was not zero, fluorescence was
= l.0 : . extrapolated td = 0 and they-intercept was defined as 1.
'3'0'5; PN Aldehyde-sequestering drugs (aminoguanidine, carnosine,
0.05%* 20 60 20 120 150 pyridoxamine, hydralazine, and methoxyamine) were added
time (h) /' from 100x stocks in water to the aggregation buffer to a

final concentration of 10QuM for 1(2)-inhibition assays
before adding £ 1—40 or1(2). Otherwise, experiments were
performed as described above with agitation (5 s of shaking
every 10 min).

' Atomic Force MicroscopyAliquots (20uL) were taken

from the assay solutions and adsorbed onto freshly cleaved

: mica (5 x 5 mm) for 45 s. The liquid was removed by
2B 1-40+1(2), t=19 h A 1_404_1)’ teit0 h absorpt_lon into filter paper. The sample was washed thrice

(before shaking) (131 h after shaking) by placing water droplets (26L) on the mica surface, and
FiGure 10 (A) A 1-40 (50 uM) aggregation (37°C, pH 7.4) then absorblng them into filter paper. Tapplng mode images
under quiescent conditions as detected by TfT fluorescence in theWere obtained on a Digital Instruments multimode scanning
presence or absence bf2) (50 uM). Fluorescence is normalized ~ probe microscope with a Nanoscope llla controller (Veeco,
to the plateau reached in the presencé(@j. Inset: structures of Woodbury, NY).

36-hydroxy-5-0x0-5,6sece@holestan-6-all) and its aldol product . . . .
(2). (B) Ap 1—40 aggregation under the conditions described above, Circular Dichroism (CD).At selected times, CD spectra

except that agitation (5 s of shaking every 30 min) was initiated Of Samples prepared as described above Were_recordeq using
after 19 h. The AFM images show that small oligomers were present an AVIV model 202SF CD spectrometer equipped with a

in samples of £ 1—40 with 1(2) before agitation (19 h), but fibrils  Peltier temperature-controlled cell holder using a 0.2 cm path
were present at the end point (150 h). length Suprasil quartz cell (Hellma, Forest Hills, NY). CD
spectra were recorded from 200 to 250 nm at°@5 The
wavelength step size was 0.5 nm, and the averaging time
was 1 s akach wavelength.

200nm

aqueous NaOH (2 mM), and the pH was adjusted to 10.5.
This solution was filtered sequentially through @& and
10 KD cutoff filters (Millipore, Billerica, MA). A3 1—-40
solutions prepared in this way showed only one peak by UV resyLTS
absorption in FPLC traces, which, based on the peak area,
contained virtually all of the peptide injected onto the column A3 1—40 Aggregation in the Presence i{P) Takes Place
(see Figure 9, Supporting Information). The material in this in Two Stages in Agitated Assaydolutions of A6 1-40
peak was shown by light scattering (using a Dawn EOS light (50 uM, pretreated as described in Materials and Methods)
scattering photometer and the Astra software package; Wyattwith thioflavin T (TfT; a dye that fluoresces upon binding
Technology, Santa Barbara, CA) to have a molar massto amyloid fibrils or their precursors; 20M) were prepared
corresponding to monomer (4080 400 g/mol). A similar with and without 1(2) (50 uM). These samples were
result was obtained by analytical ultracentrifugation3 A incubated quiescently at 37TC and pH 7.4, and the TfT
1—-40 preparations were stored on ice and used for experi-fluorescence [which is proportional to the amount of amyloid
ments within 3 h. or amyloid-like aggregates formed )] was measured at
Ap Amyloidogenesis AssagompoundL(2) in 2-propanol regular intervals (Figure 1A). TfT-positive aggregates formed
(at 100x the desired final concentration) was diluted 50- rapidly in the presence, but not the absencé,(8f (time to
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A first stage of metabolite-initiated/Aaggregation are rich in

S°r p-sheet structure, as expected for species that bind to TfT.
To further illustrate this point, & 1-40 (50 uM) was
quiescently incubated fo3 h in the presence ofl(2) (50

uM), the sample was centrifuged (100@)@or 1 h, the pellet

and supernatant were separated, the pellet was resuspended
in buffer, and CD spectra of the pellet and the supernatant
were measured (Figure 2B). The CD spectrum of the pellet
was consistent with peptides in tifiesheet conformation,

* O ety O® while the CD spectrum of the supernatant was consistent
=20 . . L . ' with an unstructured ensemble.
200 210 220 230 240 250 To determine whether sub-equimolar concentrations of
B wavelength (nm) 1(2) can induce two-stage aggregation ¢f 40, solutions
5~ of AB 1—-40 (20uM) with TfT (20 uM) were prepared at
0 several concentrations @{2) (1—100uM). These samples
were incubated at 37C and pH 7.4 with agitation (5 s of
"5 shaking every 30 min), and the TfT fluorescence was
E‘-lo measured (Figure 3A). The amplitude of the first stage
E depended linearly on the concentratiori(#) (Figure 3B,C).
o 1° — t=0h, AR 1-40 alone In contrast, the amplitude of the second stage did not have
-20 — t=0h, AB1-40+1(2) a clear dependence on the concentratiof(@f, indicating
—— t=3 h, Ap 1-40+1(2) supernatant] — e .
25 — t=3h, AB 1-40+1(2) pellet that the second stage reac_hed a S|m|lar equilibrium point
. . . . . regardless of the concentrationX{?) (Figure 3A). The CD
'3800 210 220 230 240 250 spectrum of & 1—-40 (20uM) incubated in the presence
wavelength (nm) 1(2) (20 uM) measured after the second stage was complete

FiGure 2: (A) CD spectra measured after 30 min (black), 3.5 h (39 h with shaking fo5 s every 30 mln; F'_g,ur,e 3D) s_howed
(red), 20 h (green), and 48 h (blue) of samples @ 40 (20 that the structures present at this equilibrium point were
uM) incubated with an excess @{2) (100uM) at pH 7.4 and 37 predominantly in the3-sheet conformation. Littlgs-sheet
°C. Inset: TfT fluorescence (arbitrary units) measured at the time character was observed in the CD spectrum @f 1-40
g?tmf Sthwgf'%ﬂﬁ%ﬁ{,ﬂ%&%aﬁﬁ?ﬁ ﬁ%ﬁg;ﬁﬁ;ﬁﬁgamedﬁo uM) incubated alone for 39 h (Figure 3D). Concentra-
latter sample was incubated (3 h) and centrifuged (1060@hd tions of1(2) as low as 5M were C_OnS'SFen.tl_y at_)le to |ndgce
CD spectra were measured of the material in the supernatant andhe second stage of Aaggregation (fibrillization) within
pellet. roughly 24 h. Even at a &M concentration ofL(2), fibril-
lization of A3 1-40 was complete within 24 h in one trial
half-maximal fluorescence, &g, = 3 h). If samples prepared  out of three. On this time scale, fibrillization bysA1—40
as described above were agitated (5 s of shaking every 30in the absence of(2) is far from complete (Figure 3A).
min) after 19 h of quiescent incubation, then a second stage Atomic force microscopy images of A1—40 fibrils
of aggregation was observed, signaled by4fold increase  formed at the end of the second stage of aggregation under
in TfT fluorescence (Figure 1B, = 16 h after initiating  the conditions described above without (Figure 4A,B) or with
agitation). Small spherical assemblies were produced in the1(2) (Figure 4C,D) reveals more aggregates in the pres-
first stage of aggregation, while fibrils were produced in the ence of1(2) (compare Figure 4, panels A and C). Closer
second stage [Figure 1B, atomic force microscopy (AFM) inspection of the fibrils formed with and witholi2) reveals
images]. The second stage of aggregation (but not the first)that they have different morphologies (compare Figure 4,
was observed in the absencelgp), but it occurred more  panels B and D). Protofibrils and fibrils are observed in the
slowly (Figure 1B;tso = 64 h after initiating agitation).  absence ofl(2), with the latter being best described as a
Roughly 30% of A 1—40 formed aggregates in the presence braid of two strands with a repeat length-e80 nm (Figure
of 1(2) under quiescent conditions according to analytical 4B). Fibrils formed in the presence d{2) have a more
gel filtration (See Figure 9BD, Supporting Information),  complex morphology with a repeat length of 780 nm
about half of which was pelleted at 100@0@\fter shaking (Figure 4D).
and reaching the maximum TfT fluorescence, over 90% of  Dependence of the Aggregation Time Scale BriLA40
the sample was pelleted at 100@0@ata not shown). Concentration Suggests that the First Stage Is a Downhill
To further characterize the products of the first stage of Polymerization.A amyloid formation is thought to be a
aggregation, B 1—40 (20uM) was quiescently incubated nucleated polymerization, in which the formation of an
with a large excess of(2) (100 uM) as described above, oligomeric, high-energy nucleus is rate limiting, but once
and CD spectra and TfT fluorescence were measureeFat  formed the nucleus and fibrils rapidly grow by monomer
0.5, 3.5, 20, and 48 h (Figure 2A). The first CD spectrum addition (L8). A signature characteristic of nucleated poly-
obtained after the TfT fluorescence reached its plateau ( merizations is a steep increase in the reaction time scale as
3.5 h) showed little difference from that obtained at 0.5 the initial monomer concentration decreases (time sCale
h (which was consistent with a random coil). At longer times, [peptide concentration]?, where n is the number of
however, the ellipticity between 215 and 220 nm became monomers in the nucleus). This means that a-log plot
more negative, consistent with an increasg-sheet content.  of the time required to reach an arbitrary point in the
This suggests that spherical aggregates formed during theaggregation reaction (for example, the time required to reach
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Ficure 3: (A) Ap 1-40 (20uM) aggregation (pH 7.4, 37C) with agitation (5 s of shaking every 30 min) in the absence or presence of
1(2) (1—100uM) as detected by TfT fluorescence (arbitrary units). (B) An expansion of thesfinsof data from (A). (C) A plot of the

TfT fluorescence observed at the end of the first stage of aggregation as a function of the concentidfipfoothree concentrations of

Ap 1-40 (20, 50, and 10@M). The lines are linear fits to the data [the data point at AMof both A5 1-40, and1(2) was an outlier
(studentized residuat —7.4)]. (D) CD spectra of & 1—40 (20uM) incubated for 39 h at pH 7.4, 37C with agitation (5 s of shaking

every 30 min) in the absence or presencd(@) (20 uM).

50% completion, otsg) against the initial & concentration
should yield a straight line with a slope efn/2. To deter-
mine whether the mechanism ofA—40 amyloid formation

B

Ficure 4: (A) AFM image of A3 1-40 (20uM) incubated for 39
h at pH 7.4, 37°C with agitation (5 s of shaking every 30 min).
(B) Expansion of the boxed area in (A). (C) AFM image of A
1—-40 (20uM) incubated for 39 h at pH 7.4, 37T with agitation
(5 s of shaking every 30 min) in the presence (&) (20 uM). (D)
Expansion of the boxed area in panel C.

is a nucleated polymerization, solutions of A—40 (5 to

100 uM), thioflavin T (20 uM), and 1(2) (50 uM) were
prepared. These samples were incubated atGand pH

7.4 with agitation (5 s of shaking every 30 min), and the
TIT fluorescence was measured (Figure 5A; note that second
stage kinetics at> 24 h have been omitted). The logarithm
of tsp was plotted against the logarithm of fA1-40
concentration (5100 uM; Figure 5B), and the data were

fit to a straight line. The observed slope 60.96 R =
0.986) indicates a nucleus size of 2, suggesting that bimo-
lecular initiation in the presence &f2) occurs at the same
rate as subsequent monomer addition. This observation
suggests that the first stage gf A—40 aggregation induced

by 1(2) is a downhill polymerization (i.e., a polymerization
without a barrier due to nucleation) instead of a nucleated
polymerization.

The behavior of the second stage of aggregation is more
difficult to interpret. This process did not occur on short time
scales when samples were agitated as described above;
therefore, samples were prepared and the TfT fluorescence
measured as described above, but they were agitated more
frequently (5 s of shaking every 10 min). The first stage of
aggregation still appeared to be a downhill polymerization
under these conditions (slope0.98 for logtso vs log AS
1-40 concentration plotR?> = 0.99, data not shown).
However, the second stage of aggregation was independent
of A 1—40 concentration (slope —0.07 for logtso vs log
[Af] plot, R = 0.27, data not shown). This is not consistent
with either a nucleated or a downhill polymerization. The
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Ficure 5. (A) The first stage of & 1-40 (5 to 100uM) is normalized to the maximum fluorescence observed in a given

aggregation (pH 7.4, 37C) with agitation (5 s of shaking every  reaction. (B) Plot of the logarithm of thte, values for the first and

30 min) in the presence af(2) (S0 uM) as detected by TfT  gecond stages of the aggregation reactions in panel A vs the
fluorescence. Fluorescence is normalized to the value of the plateausgarithm of the concentration d(2). The slope of the line of

phase for concentrations df2) from 5 to 20 uM. For higher best fit is 0.04 R = 0.67) for the first stage anet0.27 R =

concentrations, the linear portion of the plot between the first and o 97 for the second stage. Error bars represent one standard
second stages was extrapolated back to the ordinate and the intercegjeyiation above or below the mean.

was set equal to 1. (B) Plot of the logarithm tgf (time to 50%

completion) vs the logarithm of the/Aconcentration. The slope .
of the line of best fit is—0.96 & = 0.99). Error bars represent (CMC). The effect of1(2) therefore also increases slowly

one standard deviation above or below the mean. as the total concentration d{2) increases. The CMC for
1(2) is at most 100 nM and probably substantially lower (this
sudden onset of the second stage Sfaygregation indicates  is comparable to CMC values reported for choleste28))(
that it could be an autocatalytic process, as suggested by The Growth Rate of A 1—40 Fibrils Is Unaffected by
Sabate and co-worker49), and analogous to autocatalytic 1(2). A second signature characteristic of nucleated poly-
prion replication experimentally demonstrated by Bieschke merizations is that they can be accelerated by adding pre-
(20), as proposed by Eige21) and modeled by Mase?p), formed fibrils (seeds) to the reaction, thereby obviating
in which breakage exposes new ends for fibril extension. nucleation. This feature has been used to study the fibril
Dependence of theAl—40 Aggregation Time Scale on  growth process in the absence of confounding effects from
1(2) Concentration Suggests tha2) Forms MicellesThe nucleation 24). A seeded & 1—40 aggregation assay was
concentration of £—1(2) adducts, and therefore the time therefore used to assess the effeci@) on fibril growth.
scale of the /8 1-40 aggregation reaction, should depend Seeds were obtained from an agitated (5 s of shaking every
on the concentration df(2). Such a dependence, however, 10 min), unseeded A1—40 (50xM) aggregation reaction
is not apparent either in previously published datadt in carried out at 37C and pH 7.4 in the absence ©f2). The
Figure 3A; the slope of a plot of log, for the first stage of  seeds were fragmented by 30 min of sonication. AFM images
aggregation vs lod[2)] for these data is-0.17. Furthermore,  indicate that the seeds produced had a typical length of
in assays that were agitated more intensely (5 s of agitation50—100 nm (data not shown).
every 10 min; Figure 6A), both the first and second stages  Solutions of A3 1—40 (50uM), 1(2) (0 to 50uM), and
of A 1-40 (50uM) aggregation exhibit weak dependencies TfT (20 uM) were prepared and allowed to preincubate (pH
of log tso on log[1(2)] (Figure 6B). 7.4, 37°C) for 2 min before fibrillar seeds (5, 10, or 20 wt
The observations cited above suggest that the effective%) were added, at which point sample agitation was initiated
concentration ol(2) is independent of the total concentration (5 s of shaking every 10 min). The TfT fluorescence was
of 1(2). This can be rationalized by noting tha2) forms then measured at regular intervals (Figure 7A). Under these
micelles (see Figure 10, Supporting Information). Because conditions, fibril elongation should dominate the formation
1(2) forms micelles, the concentration of monomeric (non- of new fibrils (24). The early portions of the reaction profiles
micellar) 1(2) increases slowly as the total concentration of were fit to a line (Figure 7A). The slope of this line
1(2) increases above the critical micelle concentration corresponded to the initial rate of the elongation reaction.
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FiGURE 7: (A) Seeded (5, 10, or 20 wt %)A1—40 (50 uM) 7Wg ha"le Showr(‘j.tfhatﬂf\aggregha"o” IS ac%e'l‘?rated bép)
aggregation (pH 7.4, 37C) with agitation (5 s of shaking every (7). Covalent modification by these metabolites represents

10 min) as detected by TfT fluorescence (arbitrary units). The slopes @ possible chemical mechanism by which two known risk
of the black lines are equal to the initial rates of the seeded factors for AD, inflammation and hypercholesterolemia, can

aggregation reactions. (B) Dependence of the initial rates (arbitrary contribute to the pathogenesis of AD. The results in this
units/h) of seeded A1—40 aggregation reactions on the concentra- work, taken together with our previous da@, (yield the

tion of 1(2). The gray lines represent the average values of the . . N
initial rates at a given seed concentration. following picture of metabolite-initiated A1—40 aggrega-
tion.

These initial rates were plotted against the concentration of Incubating A3 1—40 with 1(2) leads to the formation of
1(2) for 5, 10, and 20 wt % seed concentration (Figure 7B). AB—1(2) Schiff base adducts. This process occurs at low
The initial rates increased with seed concentration but were (<100 nM) concentrations of monomeri{2), since the
independent of the concentrationiff). This demonstrates  concentration of nonmicellat(2) cannot be much larger
that1(2) does not influence fibril growth; it must therefore than its CMC (which is at most 100 nM). ThefA1(2)
exert its effect on & aggregation through an initiation step. adducts aggregate by a downhill polymerization to form
Small Molecules that React with Aldehyde Functional small, spherical aggregates. Some unmodifigil i&\ also
Groups Abolish Acceleration offA1—40 Aggregation by  recruited in this process, so that the aggregates consist of
1(2). We have shown thal(2) forms a Schiff base with A& equal parts of modified and unmodified3A7). The ex-
1-40 (7). If Schiff base formation were mechanistically tent of aggregation, however, is proportional to the con-
important, small molecule competitors that react with the centration of1(2). Under quiescent conditions, this is the
aldehyde ofL(2) and block A8—1(2) adduct formation should ~ only stage of metabolite-initiated/Aamyloidogenesis ob-
abolish its activity. Aminoguanidine, carnosine, pyridox- Served on a convenient laboratory timescale. However, in
amine, hydralazine, and methoxyamine are aldehyde sequesagitated sampled(2) accelerates a second stage of aggrega-
tering compounds that react with lipid peroxidation products tion during which fibrils are formed. This stage continues
such as 4_hydroxynonen@5)_ These Compounds (1W) until almost all of the /% (> 90%), modified or unmodified,
were incubated with agitation (5 s of shaking every 10 min) is consumed. Fibril formation occurs more rapidly in the
with A 1—40 (50uM), 1(2) (0, 10, or 5QuM) and TfT (20 presence ol(2) than in the absence, even at low concentra-
uM) at 37 °C and pH 7.4. Thes, values for each of the  tions of 1(2). It is important to note thafi(2) does not
reactions (based on the increase in TfT fluorescence) wereincrease the fibril growth rate in the second stage pf A
determined (Figure 8; the plottég values are for the second ~ aggregation; rather, it is likely that the spherical aggregates
stage of the aggrega[ion reaction because this is the on|yare involved in the formation of new fibrils in a process that
stage observed in the absencd (). Four of the aldehyde ~ has some of the features of autocatalysis.
sequestering drugs (aminoguanidine, carnosine, hydralazine, We have stated above that our results vi{p) and other
and methoxyamine) eliminated the aggregation-enhancingmetabolites provide a possible explanation for how hyper-
effect of1(2) at 10uM. However, at a higher concentration cholesterolemia and inflammation can trigger sporadic AD.
of 1(2) (50 uM) the aldehyde interceptors became less Beyond this, however, our results demonstrate that, in
effective, as expected, supporting the hypothesis that theaddition to primary sequence and environment, small mol-
covalent attachment df(2) to A 1—40 is critical for the ecules can determine whether a protein folds or misfolds.
acceleration of & fibrilization. Specifically, we have shown that metabolite modification
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of AS enables it to aggregate at nanomolar concentrations,

providing an explanation for how/Acould aggregate under
physiological conditions, without invoking prior ideas that
it needs to be concentrated 16000000-fold by some
microenvironment in the brain to trigger a nucleated polym-
erization. Although we have focused on the effectl(#f)

on AS misfolding, the phenomenon of metabolite-initiated
protein misfolding is likely to occur with other proteins and
other metabolites (for example, 4-hydroxynonenal also
accelerates A aggregation 1)), and it is likely that
metabolite modification also plays a role in normal physiol-
ogy and folding (for example, the N-terminal signaling
moiety of Hedgehog must be covalently modified by
cholesterol to function properh26—28)). Metabolite modi-
fication and its influence on protein folding and misfolding

could be an important determinant in many processes, both

physiological and pathological.
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SUPPORTING INFORMATION AVAILABLE

The disappearance ofAfmonomers and the formation of

oligomers in early aggregation stages in the presence and 16.

absence oi, and micelle formation byt and by cholesterol
were monitored by static and dynamic light scattering. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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