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ABSTRACT. Amyloid plaques are hallmark neuropathological lesions in Alzheimer’s disease, which consist
of abnormally aggregated /A protein. Multiple A3 aggregated species have been identified, and
neurotoxicity appears to be correlated with the amount of nonfibrillar oligomers. Therefore, selective
inhibition of Ag oligomer formation has emerged as an attractive means of therapeutic intervention. To
investigate whether small molecules can modulate aggregation to achieve selective inhibition of neurotoxic
amyloid oligomers, & aggregation was assayed in vitro in the presence of methylene blue, using
immunoreactivity with the prefibrillar oligomer-specific antibody A11, transmission electron microscopy,
and turbidity assays. Methylene blue inhibited oligomerization when used at substoichiometric concentra-
tions relative to that of the A monomer. Inhibition of 4 oligomerization was achieved concomitant

with promotion of fibrillization, suggesting that oligomer and fibril formation are distinct and competing
pathways. Methylene blue-mediated promotion of fiber formation occurred via a dose-dependent decrease
in the lag time and an increase in the fibrillization rate, consistent with promotion of both filament nucleation
and elongation. Addition of methylene blue to preformed oligomers resulted in oligomer loss and promotion
of fibrillization. The data show that A oligomer formation is inhibited by promoting fibril formation,
which suggests that the relative pathological significance of oligomers and fibrils may be tested in vivo
using methylene blue. If A oligomers represent the primary pathogenic species, then inhibition of this
highly toxic species via promotion of formation of less toxic aggregates may be therapeutically useful.

Alzheimer's disease (AD)s a neurodegenerative disease identification of numerous inhibitors9¢-24). The thera-
characterized, in part, by the accumulation of amylgid  peutic premise extended further to the screening for small
protein (A5) into fibrillar plaques in select areas of the brain  molecules that inhibit £-mediated toxicity 9, 14, 16, 17,

(2). Ap fibrillization has been described as a nucleation- 25). However, more recent evidence indicates that soluble
dependent process3,(4) that has as an end point the Ap oligomers may represent the primary pathological
formation of fibers characterized by classical amyloid species rather than fibrils. There is a poor correlation be-
morphology and tinctorial properties. Early studies suggestedtween the extent of A fibrillar deposition and the se-
that AS fibers are toxic $—9), and therefore, tremendous verity of AD (26), and oligomers are more toxic in vitro
effort was oriented toward screening small molecules and in vivo than fibrils 27—34). In addition, soluble £&
for the ability to arrest fibrillization and resulted in the oligomers appear to correlate better with the severity and
localization of neurodegeneratioB5, 36). This poses the

e . . question of whether some inhibitors of fibrillization
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1 Abbreviations: AD, Alzheimer’s diseasefAamyloid 5 peptide; brils, and annular protofibrils1{ 27, 39—45). However,

AP0, amyloid S peptide containing 40 amino acidsfA, amyloid 3 . “ " ; .
peptide containing 42 amino acids; AR, horseradish peroxidase- whether oligomers are “on pathway" intermediates for fiber

conjugated anti-rabbit IgG; BSA, bovine serum albumin; CNS, central formation that condense en bloc into fibrik(( 46—51) or
nervous system; HCI, hydrochloric acid; HFIP, 1,1,1,3,3,3-hexafluor- represent “off pathway” species that serve to buffer monomer
oisopropanol; MB, methylene blue; PBS, phosphate-buffered saline; PR ; B

SDS, sodium dodecyl sulfate; TBS-T, Tris-buffered saline containing concentration I.S Stl". un.der deba 54). T?k.en together,_
0.01% Tween 20; TEM, transmission electron microscopy: ThT, these observations indicate a need for clarifying the relation-

thioflavin T; TMB, 3,3,5,5-tetramethylbenzidine. ships between A oligomers and fibrils and refocus thera-
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peutic intervention toward targeting oligomers and protofibrils pH 7.4) and 0.02% sodium azide (finaj34 concentration
(24, 55—59). of 45uM). The reaction tubes were covered with aluminum

Methylene blue (MB) belongs to the phenothiazine class foil to exclude light and maintained on a benchtop at room
of compounds and has many properties required for drugtemperature for up to 10 days in the absence or presence of
candidates expected to act in the central nervous systemMB (final concentrations of 0.01445uM). We refer to these
(CNS). Of these, its high solubility in aqueous media, its conditions as “oligomerization conditions”. Since MB is
low toxicity in rats and humans0, 61), its ability to cross known to be a photoreactive initiator of free radical oxidative
the blood-brain barrier 62), and its approval for use in  reactions, we included sodium azide as a singlet oxygen
humans 1, 63) are especially attractive as a potential Scavenger and for prevention of microbial growth. Mass
therapeutic. MB is able to act at CNS sites, as indicated by spectroscopic analysis offAincubated under these condi-
its use in the treatment of ifosfamide encephalopasty (  tions in the presence of MB indicates that approximately 20%
and prevention of bacterial lipopolysaccharide-induced fever of the peptide is singly oxidized (presumably at methionine
in rabbits. The later occurs by blocking the production of 35), while approximately 10% is oxidized in the absence of
reactive oxygen species, a reaction mediated through the CNSVIB. The oligomerization reactions were assayed by dot blot,
(64). Besides having general characteristics that make it ELISA, Western blot, and transmission electron microscopy
suitable for targeting diseases of the CNS, MB appears to (TEM), as described below. For fibrillization, . stock
restore spatial memory retention in rats with impaired solutions (2 mM) were obtained by dissolving the lyophilized
mitochondrial respirationd0, 65). However, this beneficial ~ peptide in 100 mM NaOH followed by water bath sonication
activity likely results from a MB-induced increase in the level for 30 s. Fibrillization (final ASs> concentration of 4xM)

of oxygen consumption6Q) and has not been linked to Was initiated by diluting the stock solution in 10 mM HEPES,
protein aggregation. 100 mM NacCl, and 0.02% sodium azide (pH 7.4). We refer

MB has been reported to inhibit both recombinant tau and to these conditions as “fibrillization conditions”. The reaction
ABao fibrillization in vitro (66), with ICso values in the low mixtures were stirred at room temperature for up to 8 days,

micromolar range. Phenothiazines related to MB have also!" the presence and absence of MB (final concentrations of
been shown to inhibit the conversion of soluble prion protein 0, 10, 3_0’,100’ 300, and 4481). The reactions were assay(?d
into the protease-resistant fori7-70). In addition, MB DY turbidity and TEM, as described below. To determine
has been reported to destabilize tau paired helical filamentsth® effect of MB on preformed oligomers 3 oligomers
when used at high concentratio?d), However, when MB ~ Were prepared by incubation for 4 days under the oligomer-
was added to recombinant filamentous tau, it supported a|z§t|on condltlons described above and divided into sev_eral
further increase in the amount of aggregated t&8).( al!quots. One aliquot se_rved as _the control, anq the remaining
Because of the conflicting reports about the activity of MB aliquots were treate'd with MB (final concentrations of 601
on amyloid aggregation and its potential as a human 4494M). The reactions were assayed by ELISA and TEM
therapeutic, we sought to clarify the mechanism of action @ described below, 2 and 7 days after MB addition,
of MB with respect to its activity on oligomer and fibril respectlvely. MB was supplied from serially diluted stocks
formation. Here we report that MB has two distinct effects N H20, and the carryover volume wasl.67%.

on AB4, assembly. It inhibits oligomerization and enhances DOt Blot Assay.The dot blot assay was performed as
fibril formation, suggesting that £, oligomerization and ~ Previously describedlf to detect 46, oligomer formation.

fibrillization pathways are distinct and that MB stabilizes Briefly, 2 uL aliquots of each reaction were applied onto
an amyloidogenic conformation that favors fibrillization, ~ Nitrocellulose membranes. The membranes were blocked (1

h at room temperature or overnight at@) with 10% nonfat
EXPERIMENTAL PROCEDURES milk dissolved in Tris-buffered saline containing 0.01%

Tween 20 (TBS-T). Sodium azide (0.02%) was added for

Materials. Synthetic A3, was prepared as previously overnight blocking. The membranes were then washed and

described 72). Formvar/carbon-coated nickel grids (200 incubated with affinity-purified anti-oligomer antibody (A%£1)
mesh) were obtained from Electron Microscopy Sciences (Ft. (1) (1:1500 dilution in TBS-T containing 5% milk) for 1 h
Washington, PA). Ninety-six-well clear, flat bottom micro- at room temperature. The membranes were washed again
plates were obtained from Nalge Nunc International (Roch- and incubated with horseradish peroxidase-conjugated anti-
ester, NY), and 3,%,5-tetramethylbenzidine was from KPL  rabbit IgG (AR) diluted 1:5000 in TBS-T containing 5% milk
(Gaitherburg, MD). Horseradish peroxidase-conjugated anti-for 1 h atroom temperature. The blots were then washed
rabbit IgG (AR) was purchased from Promega (Madison, and developed with the ECL chemiluminescence kit. Separate
WI); 6E10 and 4G8 antibodies were from Signet (Dedham, membranes serving as controls for the presencesef vere
MA), and the ECL chemiluminescence kit was from Am- treated as described above, except that the A1l and AR
ersham-Pharmacia (Piscataway, NJ). Nitrocellulose mem-antibodies were replaced with 6E10 or 4G8 and horseradish
branes (0.2¢m) were form Schleicher & Schuell. The 4 to  peroxidase-conjugated anti-mouse 1gG, respectively. These
20% Tris-HCI gels were from Bio-Rad (Hercules, CA). Stock antibodies were diluted 1:10000 in TBS-T containing 3%
solutions of MB dissolved in water were from Bioniche TEO. BSA. All washes were performed with TBS-T three times
All other reagents were from Sigma (St. Louis, MO).

AB4, Oligomerization and FibrillizationAf,42 stock solu- 2Nomenclature: Al1, anti-oligomer-specific antibody. (nhibition
tions (2 mM) were obtained by dissolving the lyophilized of oligomerization refers to inhibition of formation of A11-immunore-

peptide in 100 mM NaOH followed by water bath sonication active oligomers. Oligomerization conditions refer to conditions that
favor All-reactive oligomer formation that is fiber-free at early time

for 30 s. The oligomerization reaction was initiated by points. Fibrillization conditions refer to conditions that favor fiber
diluting the stock solution in phosphate-buffered saline (PBS, formation in the absence of All-reactive oligomers.
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for 5 min each except for the last wash before detection, wavelength of 400 nm, to estimate the amount of fibrillar
which was for 10 min. material. Aliquots of reaction mixtures containing MB in the
ELISA.An ELISA was performed as previously described absence of B4, were used to blank the spectrophotometer.
(1). Briefly, ABs2 was subjected to oligomerization in the These blanks are appropriate because MB does not change
absence and presence of MB (0-85uM), as described  its adsorption properties in the presence of nonaggregated,
above. In addition, MB was added to preformegb.A oligomeric, and fibrillar 464, (data not shown). Each data
oligomers in the same concentration range. Aliquots of each point is an average of triplicate readings.
aggregation and disaggregation reaction were applied to 96- Each curve (6-100 uM MB) was fit to the sigmoidal

well clear, flat bottom microplates containing 10Q of equation 74—77):

coating buffer [0.1 M sodium bicarbonate (pH 9.6)]. The

Af42 concentration used was within the linear range of the y=vy,+ A )
assay. The plates were incubated Zoh at 37°C, washed, =15

blocked with 10% BSA and TBS-T fo2 h at 37°C, and 1+e T

washed again. Then, 100L of All antibody (1:1500 _ o _ _ _
dilution in a 3% BSA/TBS-T mixture) was added to each Wherey is the turbidity or filament mass at tintgyo is the

well, and the plates were incubated fbh at 37°C. After filament mass at time zeroA represents the maximum
the samples had been washed, 100of AR antibody (1:  filament mass at equilibrium (maximum turbidity}so
5000 dilution in a 3% BSA/TBS-T mixture) was added to corresponds to the time to attain half-maximal fibrillization,
each well, and the plates were incubated ¥ch at 37°C. and 1t is the apparent first-order rate constant for fibril
The plates were then washed and developed with5353 growth. The lag times, defined as the time where the tangent

tetramethylbenzidine (TMB). The reactions were stopped t0 the point of maximum fibrillization rate intersects the
with 100xL of 1 M HCl and assayed by absorbance at 450 abscissaf8), were calculated ago — 27 (74—77) and were
nm. PBS was used for all washes which were performed assumed to reflect filament nucleatiof). The fibrillization
three times. Each reaction was performed in triplicate, and rate attso, kso, was calculated as 4.

the data points were fit, as described previou3f§)(to the In the presence of 300 and 448/ MB, each curve
dose.response curve: represents a fit of the data points to the rectangular hyper-
bola (76)
_ Ymax ~ Ymin
Y= Ymin + 1+ lo(logx — log ICso)n (1) y= t50a'1|:' t (3)

where ymax iS the amount of oligomer measured in the
absence of MB, defined as 100% oligomerizatigns the
amount of oligomer measured in the presence of MB used
at concentration, ymin is the amount of oligomer remaining

in the presence of MBj is the Hill coefficient, and I is
defined as the concentration of MB required to attain half-
maximal inhibition of oligomerizationy and ymin were
expressed as the percent absorbance in the absence of M
The fit was obtained using Sigmaplot (Systat Software Inc.
Point Richmond, CA). All data were corrected by subtraction

where y is the turbidity or filament mass at timg a
represents the maximum turbidity (maximum filament mass),
and tso corresponds to the time to half-maximal turbidity.
The fibrillization rate atso (50% fibrillization rate) kso, was
calculated as 4.

Thekso calculated in the absence of MB as described above
as subtracted form all other rates, and the resultant corrected
0% fibrillization rates, ksccec®d were expressed as a

' function of MB concentration and fit to the rectangular

of the signal corresponding to control reactions containing hyperbola
MB only. ke m

Western BlotAliquots (10uL) of each A34, oligomer- k5000"ected= =0 7 (4)
ization reaction, treated with MB or controls, were mixed X T X

in a 1:1 ratio (v/v) with Z SDS sample buffer, boiled for i o
5 min, and loaded onto 4 to 20% Tris-HCI gels. Aliquots of Where!<50°°”e°‘edls the correc_ted 50% fibrillization rate corre-
ApBa, fibers formed under fibrillization conditions were sponding to MB concentratian ks"* represents the correc-
subjected to the same treatment. The gels were transferred®d maximum 50% fibrillization rate, ang, is the MB
to nitrocellulose membranes which were then subjected to CONcentration required to attain a half-maximal corrected
the dot blot assay with A11 and 6E10 antibodies, as described®0% fibrillization rate. All fits were obtained using Sigma-
above. plot.
Electron MicroscopyAliquots (1uL) of AfB4z oligomer- RESULTS
ization, fibrillization, and oligomer disaggregation reac-
tions were adsorbed onto 200 mesh Formvar/carbon-coated Methylene Blue Inhibits A4, OligomerizationWe inves-
nickel grids until they were dry. The grids were then washed tigated whether MB inhibits B4, oligomer formation using
with water, stained with 2% uranyl acetate, and washed the oligomer-specific antibody A1l to detect oligomers on
again. The grids were allowed to dry between all steps and dot blots (). Untreated control reaction mixtures and reaction
were viewed with a Phillips CM 12 microscope operated at mixtures treated with MB (final concentrations of 1, 30, and
65 kV. 445 uM) were incubated at room temperature, without
Turbidity Measurement#\, was incubated under fibrilli-  stirring for up to 10 days under oligomerization conditions
zation conditions in the presence and absence of MB for 8 described in Experimental Procedures. We previously showed
days. Each reaction was then assayed by turbidity at athat under these conditionsf forms a morphologically
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Time (d) A B C A kDa —
5 B ®encpe 250— '
[MB] (uM) 0 1 30 4450 1 30 445 0 1 30 445 100 —
Antibody A11 4G8 6E10 75 a
Ficure 1: Methylene blue inhibits B4, oligomerization. 484, (45
uM, final concentration from freshly dissolved stock solutions) was 50 =
incubated for up to 10 days in PBS (pH 7.4) at room temperature 37 =—
without stirring (oligomerization conditions), in the absence or
presence of MB (10, 30, and 448/). Aliquots were removed at 28 .l
various time points during aggregation, spotted onto nitrocellulose 20 =—
membranes, and probed with All (A), 4G8 (B), and 6E10 15 =
antibodies (C). (A) The control reaction (tM MB) developed 1)

time-dependent oligomer-specific immunoreactivity that became
strong after incubation for 5 days and was stable for extended
periods of time, indicative of oligomer formation. MB inhibited Reaction O (0] (9] O F
the oligomer immunoreactivity in a dose-dependent manner. The

intensity of each dot reflects the amount of oligomer present in MB - + = + =
each reaction mixture, probed with the oligomer-specific antibody

Al1l. (B) Most samples developed strong 4G8 immunoreactivity, i

indicative of the presence of®, on the membranes. Decreased Antibody NS R ((:\Q ((,'\Q Q:\Q
4G8 immunoreactivity observed at 445 MB is attributed to the Y ¥V & o
loss of epitopes and weakeneg A binding to the membranes
caused by fibrillization and clumping. (C) Control reaction mixtures
and mixtures containing small amounts of MB developed strong
6E10 immunoreactivity. Decreased 6E10 immunoreactivity at later
time points in these reactions and in reaction mixtures containing
high MB concentrations is attributed to the loss of 6E10 epitopes,
ApB4; aggregation, and weakened binding gf,Ato membranes.

120

100 HJTH\{\

[00]
o

heterogeneous population of A11-immunoreactive oligomers
that, at early time points<{6 days), are fiber-free3{). Five
days after initiation of oligomerization, the control reaction
developed A1l immunoreactivity that increased gradually
in intensity, indicative of oligomer formation (Figure 1A).
MB partly inhibited A4, oligomer formation when used at
low concentrations (4M). However, concentrations of MB

of =30uM completely inhibited oligomer-specific antibody
immunoreactivity, indicative of strong inhibition of A,
oligomerization (Figure 1A). Control membranes probed with
4G8 and 6E10 antibodies showed diminishing immunore- [MEthylene blue] (“M)

activity upon prolonged incubation of(#, under oligomer- FiGure 2: Effect of MB on oligomerization. (A) A, was
zation condions i he absence of M (Fgure 18.0).Tris e o0 e o i rension
phe_nomenon has been described prewqusly and has.beeﬁr bresence of MB (30(&:M). gach reaction was assessed for
attributed to the loss of 4G8 and 6E10 epitopes concomitantimmunoreactivity with anti-oligomer-specific antibody A11 and
with the appearance of A11 binding sit@). In the presence  6E10 by Western blotting. MB abolished A11 immunoreactivity,
of low MB concentrations (1 and 3@M), 4G8 immunore- consistent with inhibition of A4, oligomerization, and promoted
activity remained strong for the entire experimental period, the formation of higher-order aggregates that were stained by 6E10

. - - . P at the top of the gel. Fibrils (F) prepared under fibrillization
showing that MB did not interfere with the binding ofia conditions in the absence of MB also accumulated at the top of the

to the nitrocellulose membrane (Figure 1B). Therefore, the ge| and stained with 6E10. (B) A, was incubated under oligo-
loss of A1l immunoreactivity observed in the presence of merization conditions without stirring (48M, final concentration)
MB was a result of MB-mediated oligomer loss. 6E10 for 5 days in the absence (control reaction) or presence of MB
immunoreactivity is significantly more sensitive to MB than  (0:01-445uM). Oligomer formation was assayed by an ELISA
4G8 immunoreactivity (Figure 1B,C), indicating that MB has using anti-oligomer-specific antibody A1l. Each data point was

‘ . . obtained in triplicate and was expressed as the percent absorbance
pr(_)found effects on the exposure of this amino-terminal of the control reactiont the standard deviation. The curve
epitope. represents the best fit of the data points to eq 1 and was used to

Effect of Methylene Blue onp4 Oligomerization To determine the 1.

confirm the inhibitory activity of MB on oligomerization,  prepared under fibrillization conditions in the absence of MB.
ApB42 was incubated under oligomerization conditions for 5 A high concentration of MB was used to effect complete
days in the absence (control reaction) and presence of MBinhibition of oligomerization, based on the results obtained
(300uM), as described in Experimental Procedures. Aliquots with the dot blot assay. Control®; oligomers were reactive
of each reaction were assayed by Western blotting with A11 with the A11 antibody in the molecular mass range-86—
and 6E10 antibodies along with aliquots of fibrillais /& 250 kDa (Figure 2A). Although most of the A11 immunore-
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e
e

e
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o

A11 Immunoreactivity @
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activity appears as a broad band between 75 and 250 kDai = _ ~
a discrete 36 kDa band was also observed. Oligomers with
molecular masses 0250 kDa obtained under these
conditions do not react with 6E10 antibody (Figure 2A),
consistent with the results obtained by dot blots (Figure 1C). |
A weak 6E10-immunoreactive band was observed at the top:
of the gel in control reactions, indicative of the appearance .
of small amounts of fibrillar material, which was expected
upon prolonged incubation of A, under oligomerization
conditions 87). MB-treated samples did not exhibit A11
immunoreactivity (Figure 2A), confirming that this com-
pound inhibits 484, oligomerization. However, MB treatment
significantly increased the amount of 6E10-immuno-
reactive A3,, that accumulates at the top of the gel and is
not stained by A11. The band localized at the top of the gel %
is also prominent in fibrillar 48, samples, sugges- ‘4 ;
ting that MB drives the accumulation of increased amounts "f
of high-molecular mass p; fibrils compared to control
reactions.

To determine the inhibitory potency of MB,/#, was
subjected to oligomerization under conditions described in K&~
Experimental Procedures, in the absence (control reaction) *‘ D
or presence of MB at concentrations ranging from 0.01 t0 ¥ " * 3
445, M. After incubation for 5 days, aliquots of each reaction [ :
were assayed by an ELISA with the anti-oligomer antibody . =«
All. The IGo for inhibition of ApB4, oligomerization 3
determined from the dosagesponse curve (eq 1) was 12.48
+ 3.28uM (Figure 2B). Taken together, these data confirm
that MB inhibits A4, oligomerization at substoichiometric
concentrations relative to /A, monomer and suggest that
MB may bind to small oligomers.

Mechanism of Methylene Blue-Mediated Inhibition A
Oligomerization.The accumulation of high-molecular mass
aggregates at the top of gels whefi,Ais treated with MB )
under oligomerization conditions is similar to that observed Ficure 3: Fiber bundles accumulate in the presence of methylene
in reaction mixtures that contain/#, fibers formed in the  blue. A34> was incubated under oligomerization conditions without
absence of MB under fibrillization conditions (Figure 2A). Stirming (45xM, final concentration) in the absence (A, C, and E)

. ... and presence (B, D, and F) of 448/ MB. Aliquots of each
These data suggest that the loss of A1l immunoreactivity reaction mixture were removed at various time points during

observed in the presence of high concentrations of MB on aggregation and analyzed by TEM. In the control reactiofs,A
dot blots, western blots, and ELISA assays may be the resultexhibited minimal aggregation at time zero (A) and formed a
of aggregation of M, into fibrils. To confirm these heterogeneous population of oligomers and protofibers within 5
observations and assess the nature of the aggregated materigl2ys Of the initiation of aggregation (C and E). In the presence of
. . P ”» B, A4, exhibited signs of oligomerization at time zero (B) and
APz Was incubated under ollgomgrlzat|on conditions for 5 aggregated into fibers that were heavily associated into bundles
days in the absence (control reaction) and presence of MB.(D and F), 5 days after the initiation of aggregation. All images
Aliquots of each aggregation reaction were imaged by TEM are cropped from TEM originals captured at 5080fagnification

at various time points. Consistent with previous observations (bar= 150 nm) with the exception of data presented in panels E
(37), AB42 exhibited minimal aggregation at time zero in the ?t?;rf "1"2('%‘ nﬁ;resem images captured at 2¥0@tagnification
control reaction (Figure 3A) and assembled into a hetero- B '

eneous population of oligomers and protofibrils, after .
i%cubationpfopr) 5 days (Figurg 3C,E). In the?presence of 445 that the h|gh-molepular mass band detected at the.top of the
4M MB, A S aggregated rapidly into oligomeric structures 9€! With 6E10 antibody in the presence of MB (Figure 2)
(Figure 3B). Immunoreactivity studies conducted under the CONSISts of A fibrils. In addition, these data suggest that
same conditions (Figure 1A) show that these structures doth€ l0ss of 4G8 and 6E10 immunoreactivity observed on dot
not react with the A1l antibody even though they are blots (Figure 1) athigh concentrations of MB (4481) may
morphologically similar to A11 positive oligomers (Figure b€ due both to the loss of antibody binding sites caused by
3C). These data suggest that these structures may represeftfs2 aggregation and bundling and to weakened binding of
All-immunonegative fiber nuclei. After incubation for 5 Apa fibrillar bundles to the membranes. Taken together,
days in the presence of MB, 3, aggregated extensively —these data suggest that, under conditions described here, MB
into large structures that resemble fibril bundles (Figure inhibits AB4; All-immunoreactive oligomer formation,
3D,F). The bundles contain well-defined fibers that are tightly promotes fibrillization via promotion of formation of A11-
aligned (Figure 5F, inset), and the size of the bundles appearsmmunonegative fiber nuclei, and promotes the formation
to be on the scale of 100 nm togdn. These data suggest of macroscopic fiber bundles.
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x Ficure 5: Methylene blue favors fiber bundle formation. Aliquots
-0.005 of the fibrillization reaction mixtures conducted in the absence (A,
C, and E) or presence of 4481 MB (B, D, and F) were imaged
0 100 200 300 400 at various time points during aggregation3A showed no signs
of aggregation in the absence of MB and minimal aggregation in
[Methylene blug] .(HM). the presence of MB at time zero (A and B). Three days after the
FIGURE 4: Methylene blue promotes/; fibrillization. ABs,was initiation of fibrillization, in the absence of MB, Ay, assembled
incubated under fibrillization conditions without stirring (454, into a heterogeneous population of protofibrils and fibrillar material

final concentration) for 8 days in the absence and presence of MB (C). At the same time point during aggregation and in the presence
(10, 30, 100, 300, and 448M, final concentrations). (A) Aliquots  of MB, Af4, formed well-defined, aligned, long fibers that tended
of each reaction mixture were assayed at various time points by to associate into curved bundles (D). Fibrillar structures continued
the turbidity captured at a wavelength of 400 nm. Under these to accumulate 5 days into the fibrillization reaction in the absence
conditions, 48, (®) assembled into fibrils via nucleation-dependent of MB (E). In contrast, in the presence of MB 4 aggregated
kinetics. MB [10 ©), 30 (¥), 100 (1), 300 @), and 44%M (O0)]  into clumped, randomly oriented fiber bundles at this stage of
promoted fibrillization in a dose-dependent manner. Each reading aggregation (F). The inset is a high-magnification image of fiber
was corrected for the background absorbance corresponding to MB.bundle showing individual 6 nm fibers. All images are cropped

Each curve represents the best fit of the data points to either eq 2from TEM originals captured at 50080maghnification (bar= 150
or 3. MB increased the amount o34 present in the aggregated  nm).

form at equilibrium. (B) The lag time of assembly in the absence

f‘h”d presence of MBbflo’ 30, and mﬁ’[) e Ca'cllfa'\a(ted ;r)orln ihe Methylene Blue Enhancess4 Fibrillization. The data
€ sigmoldal assem curves presented In pane e . Inthe : :
preseﬂce of higher conycentratioﬁs of MB (308 andANlB,qAﬁQ presented above suggest that in the presence of MB fiber

assembled without a lag time. In this case, the lag time was chosenformation is favored over oligomerization under conditions
to be zero, because these assembly reactions proceed in the absenspecially designed to support oligomer formation in control
of nucleation-dependent behavior. The decrease in the lag timereactions (oligomerization conditions). Under these condi-

observed in the presence of MB suggests that this compoundyigng in the absence of MB, the aggregation reaction is slow
promotes filament nucleation. (C) The fibrillization rates corre-

sponding to half-maximal aggregatioksd), or 50% fibrillization and fA_ﬁ“Z first forms flbrll-free ollgomgrs, making these
rates, were calculated in the absence and presence of MB from theconditions well-suited for oligomer studies. EventuallyisA
assembly time courses presented in panel A (egs 2 ankgd). assembles into fibers that coexist with oligomeric species
obtained in the absence of MB was subtracted form all other rates (37). However, because the two species coexist at late time

i ted i ted . . . .
and yieldedkso™eeC Data points represent theo™"“’value  yqints @7), these conditions are not ideal for studies on
corresponding to each MB concentration. The curve represents a

fit to eq 4 that yielded the MB concentration required to attain a homogeneous A; f_iber_s' Therefore, for testing Fhe effect
half-maximal corrected 50% fibrillization rate. MB accelerates Of MB on ABy, fibrillization directly, AB4> was subjected to
fibrillization in a dose-dependent manner. aggregation under conditions optimal for fibril formation
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(fibrillization conditions), as described in Experimental Figure 5F) longer than those observed under oligomerization
Procedures. Under these conditiong,Aassembles rapidly  conditions (Figure 3D,F). The addition of MB to preformed

into fibrils (within 4 days) with classic 610 nm morphol- fibrils assembled under fibrillization conditions (similar to
ogy, and the resulting fibrils are oligomer-free as determined those in Figure 5E) changed their appearance to bundled
by both All immunoreactivity and EM analysiS7. fibers similar to those presented in Figure 5F, with no

Aliquots of AjB4, were removed at various time points in evidence of fiber loss (data not shown). Taken together, these
the absence (control reaction) or presence of MB (10, 30, data directly show that MB promotes34y fibrillization by

100, 300, and 445M) and assayed by turbidity at a enhancing filament nucleation and the rate of fiber elongation

wavelength of 400 nm. Parallel reactions lacking.Aand and promotes the bundling of individual fibrils. Enhancement

containing MB were used to correct turbidity readings. This of nucleation could be mediated by binding to nonoligomeric

approach is appropriate because MB does not undergointermediates or small A, oligomers.

spectral changes in the presence of variofis,Aggregated Methylene Blue Promotes the Fibrillization of Preformed
species used here. Consistent with previous observa8a@jis (A, Oligomers.To determine the effect of MB on preformed
the time course of A4, aggregation was nucleation-depend- gligomers, A34, was subjected to aggregation under oligo-
ent, fit to a sigmoidal equation (eq 2), and reached plateau merization conditions for 4 days as described in Experimental
levels within 4 days (Figure 4A). The addition of MB, at  procedures. The oligomers were then split into equal
concentrations up to 1Q@M, did not change the nucleation-  yglumes; one reaction mixture served as the control, and the
dependent behavior but increased equilibrium turbidity in a gthers were supplied with MB (445uM). Aliquots of each
dose-dependent manner (Figure 4A). In contrast, in the reaction mixture were analyzed by an ELISA using the anti-
presence of MB concentrations &f300 uM, Af.. fibrilli- oligomer antibody A11, 2 days after the addition of MB.
zation occurred without a lag time (Figure 4A) and the B caused a dose-dependent, partial decrease in the amount
aggregation reactions fit well to rectangular hyperbolas (eq of ApBs2 All-immunoreactive oligomer. The igfor the

3). The amount of aggregateqS4 obtained at equilibrium  inhibition of A11 immunoreactivity determined from the
continued to increase in a dose-dependent manner. OVera”dos&response curve (eq 1) was 12.483.28uM (Figure

the amount of fibrillar A4, observed at plateau levels 6A). These data suggest that MB induces a partifh,A
increased exponentially as a function of MB concentration gligomer loss when added to preformed Al1-immunoreactive

(fit not shown). The MB concentration required to attain half- gligomers at substoichiometric concentrations relative to that
maximal fibrillization was 173+ 5198#'\/' of the A842 monomer.

In the absence of MB, the lag time of54 fibrillization,
calculated as described in Experimental Procedures, wa
13.61 h (Figure 4B). Increasing concentrations of MB
resulted in a dose-dependent decrease in lag time, to value
that approached zero in the presence=800 uM MB
(Figure 4B). A dose-dependent increase in the fibrillization

rate corresponding to half-max.imal gggregaﬁb@?"”e“e‘,’ 6A and ref37). The oligomers were then split into three
which was calculated as described in Experimental Proce- o, a1 yolumes: one reaction mixture served as the control,

dures (eq 4), was also observed (Figure 4C). The MB o e gthers were supplied with MB (10 and 448) (time

cggc?.rtl)tr_ﬁ.tlon. required tlo altta'g fa half-fr.‘nammal correclted point zero of the oligomer disaggregation reaction). Aliquots
0% fibrillization rate, calculated from afitto a rectangular ¢ o5 ch reaction were removed at time points 0 and 7 days

hyperbola, was 55.42Z 22.77uM (Figure 4C). Consistent  jgar treatment and imaged by TEM. In the absence of MB,

with our prediction, the dose-dependent increase in the and consistent with previous observatioB)( Afa oligo-

amount 0; aggregate(ljﬂ;Q observedhm tr:\ijresence of I\f/ltl? mers used in this experiment appeared as heterogeneous sized
compared to control suggests that promotes Tiber particulate structures at time point zero (Figure 6B) and

fprmatic:jn.hln gddition, .thehdosg(;/di%eﬁ]l(_jen.t decrease in Iagprotofibrillar and fibrillar structures could be detected after
time and the increase in the 50% fibrillization rate suggest prolonged incubation (7 days, Figure 6C). Low MB con-

that MB promotes £ fibril formation by promoting fibril - coirations (1aM) did not visibly alter aggregation (7 days,
nucleation and enhancing the rate of fiber elongation. Figure 6D). Higher MB concentrations (448\) induced
To assess the morphology of the aggregated materialg|igomer clumping and the formation of fibrils and fibril

qbtaineq in the presence of MB l'mder.fibrillization c'ondi- clumps (7 days, Figure 6E). The clumps formed in the
tions, aliquots of nontreated reaction mixtures and mixtures presence of MB appear to consist of both oligomers and

treated with 445M MB were removed at various time gy (Figure 6E). Taken together, these data suggest that,
points and imaged by TEM. Consistent with previous g pstoichiometric concentrations relative to that of te A
observations (Figure 3A), in the absence of MES.A monomer, MB promotes preformed oligomer clumping and

exhibited minimal aggregation at time zero (Figure SA), finer formation. This further suggests that MB may modulate
started to aggregate into fibers with classical morphology ag,, aggregation, at least in part, via direct interaction with
after incubation for 3 days (Figure 5C), and fibrillized oligomers.

extensively upon prolonged incubation (5 days, Figure 5E).

These fibers were predominantly straight individual fibers piscussionN

occasionally trapped into large clumps containing randomly

oriented fibers (Figure 5E). . aggregated rapidly in the Recently, we identified a number of small molecules that
presence of MBt(= 0, Figure 5B) and formed abundant specifically inhibit A34, oligomerization without inhibiting
fibrils associated into bundles (3 days, Figure 5D; 5 days, fibril formation (37). MB is a novel class of oligomerization

To establish the nature of the species resulting from the
Sreatment of preformed oligomers with MB, ff was
subjected to oligomerization for 4 days under conditions
Yescribed in Experimental Procedures. Immunoreactivity
suggests that under these conditions,Aforms oligomers
reactive with anti-oligomer antibody A1l (Figures 1A and



Methylene Blue Modulates #, Aggregation

110 A
100 F}"“L{\
80

b
70

" }{ \%ﬁ

001 01 1 10 100 1000
[Methylene blue] (uM)

m
©
o

(% maximu

A11 Immunoreactivity

"B ’ N e «_’7' A ek | §
= p 2T | -k o
n . ‘_ “ 54 & * V‘ ; 3 ."k.ﬂ"
. =] L 2 2 ‘\-J‘J' o’ -
. - A T -
oo v 2K
o ¥ vt L “r‘ 1
” T - & o W A 4
s = AWee, B
e st ; | S
- ¥ .- * Lo B . ﬁ
o e R <4 .
% % o T 1 O ¥
» ,*‘ 7 ... iy e
g - !
: % ' - A
ek N o
- {)’f k-.’e)g_;"" .
P .4 g - -': - * %4 " . ..
:&\ TN | ; ™
* ¥
g & 7 M b o P
e ¥ % 5& e “ i
. f' y ““14 i : . 1
i : f‘ '.','_ oy .
A U oil . : (. '

Biochemistry, Vol. 46, No. 30, 2008857

protein aggregatior6g, 71), suggest that MB could be used
as a therapeutic agent and a tool in understanding the
pathological significance of amyloid oligomers and fibrils
in transgenic animal models of AD.

We used two different reaction conditions to test the ability
of MB to modulate A8, assembly. One of the conditions
favors A4, oligomerization and enables the examination of
fiber-free oligomers at early stages of aggregati®n.(The
second condition favors #; fibrillization and yields oli-
gomer-free fibers37). Detection of oligomer formation relies
primarily on immunoreactivity with the anti-oligomer-
specific antibody, A11X), while fiber formation is assayed
by turbidity (18, 78). To confirm the results of both assays,
the nature of the aggregated material is analyzed by TEM.
Unlike other small molecule§'8, 87), MB does not undergo
spectral changes in the presence of any of tfig;Apecies
used in this study (data not shown). Therefore, turbidity is a
reliable method for assaying fiber formation in this case and
avoids potential artifacts that could be encountered in screens
based on ThT fluorescence conducted in the presence of
small molecules {3, 88, 89). By taking advantage of the
means described above, we separately screened the ability
of MB to modulate 46,4, oligomer and fiber formation.

It has been long known that . assembles through
nucleation-dependent kinetic8, (4). The pathway leading
to fibrillization starts when misfolded or unfolded proteins
aggregate or adopt a conformation that leads to the formation
of a nucleus that is capable of elongating by recruiting
additional misfolded subunits. Since the formation of the
nucleus is rate-limiting, the appearance of nuclei represents
a commitment toward fibrillization. The end result of this
process is the formation of amyloid fibers. Recent evidence
suggests that Ay, assembly is a more complex phenomenon,
and the description above represents only one branch of the
pathway. The assembly pathway is also populated with
numerous other species, including pre-nucleation assembly

FiGURE 6: Methylene blue mediates partial preforn;]ed34_é\ intermediates, oligomers, protofibrils, annular protofibrils,
oligomer loss. A4, was incubated under oligomerization conditions and polymorphic fibrillar structuresl( 27, 39, 40, 42, 44,
without stirring (45:M, final concentration) for 4 days. The reaction 47, 50, 51, 90—92). The relationship among these species is
mixture was then split into equal volumes; one served as a control, ; _
and others were supplemented with MB. (A) The ability of MB poorly uhnderstood, and_ thﬂr greSﬁn(;f-:‘bo_lrll_ the_‘ same gl_g_grega
(0.01—445 ;M) to induce oligomer loss was tested via an ELISA 110N pathway is uncertain. Under the fibrillization conditions
using anti-oligomer antibody A11, 2 days after MB was added to used here, B, forms fibers in a classic nucleation-dependent
the preformed oligomers. Each data point was obtained in triplicate manner, in the absence of oligomeric intermediates (fibrilli-

?hnd itS egprgsdseq ?,S th?_ hpercent absorbantcetr(])f gontff(?g r??ﬁti%”t zation pathway)J7). In contrast, oligomerization conditions
e standard deviation. The curve represents the best fit of the da - - : :
points to eq 1 and yielded the 4 MB mediated partial oligomer Favor oligomer formation at early time points through a

loss. (B-E) ABs, oligomers were obtained under conditions different pathway (oligomerization pathway), although fibers
described above (B) and then incubated without (C) or with MB ultimately form under these oligomerization conditioB%)(

(D and E) for an additional 7 days. In the absence of MBsA MB influences both the oligomerization and fibrillization
preformed oligomers further associated into protofibers (C). Low pathways. MB inhibits oligomerization at substoichiometric

concentrations of MB [1M (D)] did not dramatically interfere : :
with the progression of the aggregation reaction. In contrast, 445 concentrations relative to that of the8£ monomer. How-

#M MB promoted preformed oligomer clumping and progression €ver, MB does not prevent /A, aggregation but rather
to fibrillar structure (E). All samples were imaged by TEM at appears to favor association into aggregates that nucleate

22000x magnification, and the resulting images were processed fipril formation. The observation that increasing concentra-
in Adobe Photoshop (bas 150 nm). tions of MB decrease the assembly lag time, a parameter
inhibitors that acts by promoting fibril formation. Besides that reflects fibril nucleation79), is consistent with the
the fact that they are pharmacologically interesting, this promotion of A4, nucleation by MB. Indeed, high concen-
observation suggests that oligomer and fibril formation are trations of MB completely abolish the nucleation-dependent
competing pathways of /A aggregation. MB has many behavior of A4 fibrillization and simulate assembly kinetics
properties desired from drug candidates expected to act inobtained in the presence of seeding. This suggests that MB
the brain 60—62) and is approved for use in humarel( could stabilize prenuclear A, assembly competent inter-
63). These characteristics, together with initial evidence that mediates, favoring nucleation and driving the protein into
MB could bind disease lesion8E-86) and interfere with the nucleation-dependent assembly pathway (fibrillization
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pathway). The inhibition of B4, oligomerization concomi-
tant with the promotion of fiber formation could occur solely
by depleting the monomer pool required for oligomerization.
Stabilization of assembly competent intermediates was also
reported to mediate the assembly of tadsynuclein, and
amylin (74, 76, 77, 79, 93—95). The fact that MB promotes
fibril formation upon addition to preformed oligomers
suggests that this conformational templating is not limited
to A monomers and may include small oligomers.

In addition, MB may promote filament elongation, con-
sistent with its ability to increase the 50% fibrillization rate
in a concentration-dependent manner. MB-stabilized as-
sembly competent intermediates and MB-bound small oli-
gomers could adhere more easily to preformed nuclei and
fibers and facilitate filament elongation. At high concentra-
tions, MB supports fibril association and formation of fibrillar
bundles that could be useful for structural characterization.
Taken together, these data show that MB inhibit8sA
oligomerization by promoting fibrillization. Whether this
phenomenon occurs entirely via the trapping of the majority
of Af4, in the nucleation-dependent assembly pathway or
occurs in part through the oligomer-dependent assembly
pathway remains to be elucidated. Since th&Aibrillar
species are less toxic than oligomers and may even be
protective, modulating aggregation through this mechanism
could be pharmacologically attractive.
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