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Surface Structure of Amyloid- Fibrils Contributes to Cytotoxicity

Yuji Yoshiike,* Takumi Akagi¢ and Akihiko Takashima¥*

Laboratory for Alzheimer’s Disease, and Laboratory for Neural Architecture, RIKEN Brain Science Institute, Wako-shi,
Saitama 351-0198, Japan

Receied March 7, 2007; Rased Manuscript Receéd May 21, 2007

ABSTRACT. Amyloid 5 (Af) toxicity has been hypothesized to initiate the pathogenesis of Alzheimer’s
disease (AD). The characteristic fibrillar morphology ¢f-Aggregates, that constitute the main components

of senile plaque, has long been considered to account for the neurotoxicity. But recent reports argue
against a primary role for mature fibrils in AD pathogenesis because of the lack of a robust correlation
between the severity of neurological impairment and the extent of amyloid deposition. Toxicity from the
soluble prefibrillar intermediate entity of aggregates often called oligomer has recently proposed a plausible
explanation for this inconsistency. An alternative explanation is based on the observation that certain
amyloid fibril morphologies are more toxic than others, indicating that not all amyloid fibrils are equally
toxic. Here, we report that it is not only tiflesheeted fibrillar structure but also the surface physicochemical
composition that affects the toxicity of(Afibrils. For the first time, colloidal gold was used to visualize

by electron microscopy positive-charge clusters ghfibsrils. Chemical modifications as well as point-
mutated A6 synthesis techniques were applied to change the surface structur@samsfdto show how

local structure affects surface properties that are responsible for electrostatic and hydrophobic interactions
with cells. We also report that covering the surface @ fibers with myelin basic protein, which has
surface properties contrary to those of,Asuppresses /Atoxicity. On the basis of these results, we
propose that the surface structure gf Morils plays an important role in A toxicity.

Alzheimer's disease (AD)s characterized in pathological

For example, more regular and longer fibrils tend to be more

terms by senile plaques (SPs), neurofibrillary tangles (NFTSs), toxic (7, 12). Certain amyloid fibril morphologies have been

and subsequent neuronal losB. (Fibrillar aggregates of

shown to be more toxic than other§).( Electrostatic

p-amyloid (AB) are a major component of SPs that take on interaction between A fibrils with negatively charged

a crossB-pleated sheet conformation (i.8-aggregatesy).
fp-aggregated A is considered to be important in AD
pathogenesis because it is toxic to ceBs (

membranes has been proposed to underlie the toxicitysof A
toward neuronal cells1@, 14). Interaction of hydrophobic
sites of AB-aggregates with membrane has also been shown

Much effort has been exerted to understand the molecularto induce a decrease in the membrane fluidit$) (

basis of this toxic activity, but there is limited structural
information about &-aggregates that is directly related to
toxic outcomes or effectg-7). Acquiring information about
the structure of & at a higher resolution than has been
achieved to date will likely reveal more clearly how structural
characteristics contribute to/Afunction. Because of the
aggregative nature of A crystallization of full-length 4

Taken together, this information led us to hypothesize that
the cellular toxicity of AG fibrils is affected not only by the
p-sheeted fibrillar structure but also by the physicochemical
properties on the surface @graggregated A fibrils. The
attachment of negatively charged colloidal gold (CG)
particles along & fibers revealed the presence of positive-
charge clusters on their surface. Experimental modification

has been unsuccessful. However, the crystal structure of aof this surface property through attenuation of the locl A

synthetic amyloid fibril of peptide fragment has been
characterized8). Although NMR techniques have greatly
contributed to the 3D structural modeling ofAibrils (9,
10), demonstrating the parallel, in regisfgsheet structure
alone (L1, 12) does not fully explain the toxicity of Afibrils.
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structure reduced both CG attachment to fibers arfd A
toxicity. Conversely, maintenance of positive charges on
fibrils upon fibril formation revealed a compound that
counteracts toxicity, namely, myelin basic protein (MBP).

MATERIALS AND METHODS

Materials. Wild-type A340 peptide was purchased from
the Peptide Institute (Osaka, Japan). Triple mutagf@
peptides, (Alag and (M2k}, were synthesized and purified
as described previouslyl). All other chemicals were
purchased from Sigma-Aldrich (Saint Louis,) unless other-
wise stated.

AB Fibril Preparation. To exclude the possibility that
buffer molecules may complex with /Aduring chemical
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modification, lyophilized 440 peptide (240uM) was sample) was subtracted from that of each solution containing
directly dissolved in cold 10% 1,1,1,3,3,3-hexafluoro-2- the sample. Measurements were obtained in triplicate.

propanol (HFIP) solution and incubated at room temperature  Chemical Modifications (Glycation and Acetylation).
for 4 days under constant agitation in a siliconized tube Samples of preformed Afibers (120uM in H,0) and HO
covered with a lid containing holes. This incubation period (control) were incubated with glucose (1 M in®)), aspirin
was sufficiently long to evaporate off most, if not all, of the (0.5 M in H,0), or H,O at 100°C for 4 h. Thus, HO-treated
HFIP from solution because of its high vapor pressure. Extent Ag fibers were also heat-treated. Lids of tubes containing
of fibril formation was assessed by Thioflavin T (ThT) samples were tightly taped to avoid evaporation as much as
fluorescence intensity and by fibrillar morphology assessed possible. For the same purpose, tubes were incubated in a
by electron microscopy. In experiments using mutaft A humidified oven. After heat treatment, the pH and volume
peptides, three kinds of /M0, wild type, (Ala}, and (M2kj, of each sample were adjusted to neutral and to the volume
were dissolved in HFIP then aliquoted and frozen-&0 prior to treatment, respectively. Glucose and aspirin were
°C until use. Aliquots were vacuum-centrifuged using a not removed from each solution after the treatment. In the
Savant Speed-vac system (Holbrook,) until most HFIP following three assays (i.e., ThT, ninhydrin, and MTT), we
evaporated. Just prior to complete desiccation, the peptidescompared results between thes Asample treated with
were dissolved in 20 mM Tris-HCI (pH 7.4) on ice. Three glucose, aspirin, or ¥0 and each control, namely, glucose,
peptide solutions (1M each) and buffer alone were aspirin, or HO alone without 4. The extent of 4
incubated in siliconized tubes at 3T for 212 h without  modification was assessed by ninhydrin assay, which easily
agitation. measures the amount of free amines. Each sample was blotted
Transmission Electron Microscopy (TENFjve microliters  onto silica plates, then premixed ninhydrin assay solution
of each sample was applied to Formvar-coated 300-meshwas poured over the plates. After drying the plates with heat,
copper or nickel grids. A fibrils were co-incubated with 5 the plates were scanned three times to quantify the intensity
nm colloidal gold (CG) (Sigma-Aldrich) (0.01% as HAUE!  of the ninhydrin blue reaction product, which appears as blue
for 1 h and then fixed with 5% glutaraldehyde solution in dots. A blue reaction product indicates the presence of free
50 mM sodium phosphate buffer (pH 7.4). After staining amines in a sample.
the preparations with 1% (w/v) neutralized tungstophosphate  gedimentation Assay (OD214) account for the different
or with 1% (w/v) uranyl acetate, the grids were examined affinity of ThT for different amino acid residues, we

on a LEO 912AB electron microscope at an accelerating performed a sedimentation assay to adjust the mass concen-
voltage of 100 kV or on a CMZ20 electron microscope at 80 tration of aggregates prepared from mutagt peptides, as
kV. N oo described previously1@). This ensured that cell cultures
Cell Viability AssayHuman embryonic kidney (HEK) 293 tested with the MTT assay were exposed to comparable
cells were used to test the toxic effects of various samples gmounts of aggregates. We used the following equation to
as assessed in the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe- ca|cylate the mass concentration of the aggregates we used
nyltetrazolium bromide (MTT) assay. Cells were grown in - for the MTT assay: 10% mass concentration of aggregates
Dulbecco’s modified Eagle’s medium (DMEM) containing = 1005 x (mass concentration of aggregatesfpercentage
10% fetal bovine serum and incubated in a humidified o aggregation). Regrettably, this method of sedimentation
chamber (85% humidity) containing 5% @@ 37°C. Two assay was not suitable for determining the level of aggrega-
days before peptide sample treatment, the cell culture tjop jn chemical modification experiments since both glucose
medium was replaced with serum-free DMEM, and the cells ang aspirin interfered significantly with the absorbance
were trypsm|zeq and re-plated onto coated 96-well plates atreadings. However, ThT assay results with EM pictures
a final cell density of 20,000 cells/well. Two hours after the showed that substantial amount of fibrils remained intact.
cells were incubated with peptide samples, MTT was added ThT fluorescence measurements indicated that heat-treated
to each well, and the plates were kept in a-d@rubator g fiprils in the presence of glucose or aspirin had higher
for an additional 2 h. The cells were then lysed by adding B-aggregation levels than did heat-treatefl #brils in the
lysis soluti_on (50% dimethylformamide, 20% SDS at pH 4._7) absence of glucose or aspiringAibrils heat-treated in kD
and were incubated overnight. The degree of MTT reduction yithout glucose or aspirin still showed a significantly higher
(i.e., cell viability) in each sample was subsequently assessedjgrescence level than the control (i.e 20Hwithout AB).
by measuring absorption at 550 nm at“37 using a plate Trp Fluorescencelntrinsic fluorescence emission by the
reader. Background absorbance values, as assessed from cel}-rp residue in myelin basic protein (MBP) was measured to

free wells, were subtracted from the absorption values of monitor its interaction with & fibers (L9). Since the Trp
each test sample. The absorbance measured from the threFesiolue of MBP is excited at 295 nm. we measured the

wells were averaggd_, and t_he percentage MTT reduction WaSemission spectra between 300 to 400 nm; emission values
calculated by dividing this average by the. absorbance at 364 nm were taken as maxima.
measured from a control sample lacking peptide sample.

Thioflawin T (ThT) AssayThe degree of3-aggregation RESULTS
was determined using the fluorescent dye, ThT, which
specifically binds tq5-aggregated structure$®). Measure- Detection of Positie-Charge Clusters on/AAggregates.
ments were performed at excitation and emission wave- The charge-based interaction ofApeptide with cell
lengths of 444 and 485 nm, respectively, wavelengths that membranes has been previously propo&€il (There is also
result in the optimum detection of bound ThT. To account consensus in the literature that electrostatics play a role in
for background fluorescence, the fluorescence intensity Ag interactions with negatively charged lipids3( 14). Yet,
measured from each control solution (i.e., lacking #oril the electrostatic properties of aggregatgtihave never been
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Ficure 1: Visualization of positive charge-clusters. (Ap40 (10
uM) was incubated in 5 mM HEPES (pH 7.4) and 0.9% NaCl at
37 °C until the level off3-aggregation reached a plateg+ag-
gregation was monitored by ThT fluorescent®)( The aggregated
Ap sample was then treated with CG (5 nm particle size) solution @ eo
for another hour and applied to Formvar-coated 300-mesh copper -
grids. The grids were then stained with 1% (w/v) neutralized
tungstophosphoric acid. The specimen was examined on an LEO e
912AB electron microscope at an accelerating voltage of 100 kV. ° 0ot
Magnification is 80,000, and the scale bar is 100 nm. (B) Freshly pH

dissolved 23uM pLR (average MW, 40 kDa) in D was  Fgure 2: Balance of charge in Araggregation and toxicity. (A)
co-incubated with CG at room temperature, dropped onto nickel Ag40 (5.M) was pretreated with HFIP and was incubated at 37
grids, and then negatively stained with 1% (w/v) uranyl acetate. °C with 10 4M ThT in 5 mM HEPES at the series of pH values
The specimen was examined on a CM20 electron microscope atshown in the panel. The relative degree hggregation was

an accelerating voltage of 80 kV. Magnification is 66,000, and the assessed in terms of fluorescence intensity. To account for

scale bar is 50 nm. background fluorescence, the fluorescence intensity measured from
each control solution without Awas subtracted from that of each

directly observed on the surface of fibrils, presumably solution containing £. (B) Fluorescence intensity of each sample

because conventional techniques that can render these dat@fter 25 h of incubation. Statistical significance was calculated by

. using Student's-test; * p < 0.05; n.s.= not significant. (C)
at above molecular resolution, such as crystallography, haveSamples from the incubation well added to HEK 293 cell cultures

been challenging in studies on amyloid. and assayed for cytotoxicity at a final concentration of 420 nM
In the present study, we used CG to locate positively AB40 (filled bars) and water (open bars) with MTT reduction (i.e.,
charged sites along /Afibers. Each CG nanoparticle is  Cell viability). The absorbance (570 nm) value from water at pH
d of a crvstalline gold core surrounded by an ionic 7.4 was 100%. Statistical significance was calculated by using
compose y g - 'y Student’st-test; ** p < 0.01; n.s.= not significant. Note that
double layer shell41). The inner layer of this shell is made  despite the significantly highgi-aggregation level of the pH 6.0
from absorbed gold dichloride ions and the outer layer is sample compared to that of the pH 6.6 sample, there was no
made from diffuse hydrogen ions, giving each CG particle difference in their toxicity. Also note that despite the lack of

: significant difference in th¢g-aggregation level between the pH
an overall negative surface chargel). Therefore, the 5.8 and pH 6.8 samples, the pH 5.8 sample was significantly less

positive charges along/Afibers should attract CG, enabling i than the pH 6.8 sample. (D)3%0-aggregates that formed at
us to map the distribution of positive charges on these fibers pH 5.8 and incubated with CG were applied to copper grids. After
by transmission electron microscopy (TEM). Indeed, we fixation by 5% glutaraldehyde solution, they were stained with 1%

observed a great number of CG particles attached fo A nNeutralized tungstophosphoric acid. Magnification is 80,000, and
- ; ; the scale bars are 100 nm.
fibers (Figure 1A). Although CG adhesion was almost

continuous along the fibers, CG coverage was not complete.would influence the3-aggregation and, consequentlys A
CG particles tended to align along one or two sides of a toxicity. The pH dependency ofAaggregation kinetics was
fiber, indicating that clusters of positive charges exist along monitored by ThT fluorescence assay (Figure 2A). pH ranges
Ap fibers. To ensure the electrostatic interactions betweenfrom 7.4 to 5.8 had two peaks Bfaggregation using 440
the negative charges on CG particles and the positive chargesgrigure 2B). The first peak was observed at pH 7.3, within
on peptides, we performed an internal control experiment the physiological range of pH reduction in acidogi8)( We
by incubating CG with polymers of positively charged speculated that a slight increase in positive charges within
arginine amino acids (poly-L-Arg; pLR) (Figure 1B). We the AB sequence through the protonation among three
observed significant binding of CG particles onto the nhistidine residues inducing nucleation by the electrostatic
amorphous mass of pLR, confirming an electrostatic interac- interactions between side chains may explain this phenom-
tion between CG and basic amino acids. Althoughfibers enon. A lower level ofS-aggregation was reached at lower
and pLRs have completely different structures, they both pH (pH 7.2-6.4) presumably because the highly increased
possess clustered positive charges on their surfaces. Imporpositive charges induced the nucleation process so effectively
tantly, both of them are cytotoxiel(-7, 22). that it suppressed the elongation process (Figure 2A). The
Charge Balance in A Aggregation and ToxicityThe net overinducing effect of nucleation decreased at even lower
charge of A8 at physiological pH is about-3. Thus, a pH, and a second peak @faggregation was observed at
notable characteristic of faggregation is the formation of pH 6.0 (Figure 2B). Interestingly, while the extent of
positive-charge clusters without the corresponding neutraliza- 5-aggregation correlated well with toxicity in the pH range
tion of positive charges by negative charges. It is possible from 7.4 to 6.2, it did not with the two samples formed at
that a charge balance on thé fyeptides may have helped pH 6.0 and pH 5.8 (Figure 2B and C). Despite the high level
make this process possible and that disrupting that balanceof 5-aggregation at pH 6.0 that is almost twice the level at
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Ficure 3: Effects of chemically modified positive charges ofi-foxicity. (A) S-aggregation of glycated /A Ag fibrils and HO in the
presence or absence of glucose were heat-treated. Each sarfifilbr{a treated with glucose, Afibrils treated with HO, glucose alone
without A3, and HO alone without 4&) was mixed with 25«M ThT, andS-aggregation was monitored by measuring fluorescence. (B)
Effect of glycation on 48-associated amines. Ninhydrin assay was performed onl2d four samples (glucose-treategbAibrils, H,O-
treated A6 fibrils, glucose alone, and J@ alone). (C) Effect of glycation on #related cytotoxicity. Four samples were diluted and added
to HEK 293 cell cultures for MTT assay. Final concentration @A was 120 nM. (D) Effect of glycation on positive-charge clusters of
Ap fibers. Glucose-treatedAfibers were co-incubated with CG and observed under TEFIfiBrils and HO in the presence or absence
of aspirin were heat-treated. The ThT fluorescence (E) ninhydrin reactivity (F), and cytotoxicity (G) of four samplfisrilé treated
with aspirin, A3 fibrils treated with HO, aspirin alone without A, and HO alone without &) were assessed as described for@ (H)
Effect of acetylation on positive-charge clusters ¢f fibers. Acetylated /& fiber was co-incubated with CG and observed under TEM. D
and H were examined on a CM20 electron microscope at 80 kV. Magnification is 66,000, and the scale bars are 100 nm. Statistical
significance was calculated by using a Studentast; *p < 0.001. Data are presented as means of triplicate€3EM.

pH 6.6, there was no significant difference in the toxicity of ninhydrin reactivity indicated that the glycateqAad
between two samples prepared at pH 6.0 and pH 6.6 (Figurelost positive charges in its amino group (Figure 3B).
2B and C). Because the isoelectric point (pl) of4® is Interestingly, glycated A fibers had almost no toxic activity
around 5.8, the second peak of aggregation at pH 6.0 mayat the final concentration tested (120 nM) (Figure 3C).
follow the general principle of proteins to aggregate and Next, we co-incubated glycated pAfibers with CG,
precipitate out of solution when their net charge reaches zero.examined them with TEM, and found that the fibrous
Aggregates formed at pH 5.8 were shorter, had greaterstructure of the glycated fibers remained intact, even though
affinity to cluster together, and showed fewer CG adhesions adhesion was minimal (Figure 3D). These results suggested
(Figure 2D). The electrostatic attractions of peptides at  that glycation suppressed toxicity by reducing the positive
its pl caused the clumping or bundling of short fibers and charges on A fibers. Similar results were obtained when
suppressed the formation of exposed positive-charge clustersAf fibers were treated with aspirin (Figure 3H), an
resulting in lower than expected toxicity. This phenomenon acetylating agent2g, 27) known to reduce the risk of AD
is consistent with and supports a report showing thdt A (28). Aj fibers treated with aspirin showed much greater
fibrils formed with agitation exhibited higher tendency to levels of f-aggregation, as assessed by ThT fluorescence,
associate laterally, thus forming bundles and having a lower than did HO-treated 4 fibers (Figure 3E). By contrast, our
toxicity than A3 fibrils formed without agitation 7). ninhydrin and MTT assay results showed that toxicity
Therefore, the positive charge balance gfgeptides directly ~ declined as aspirin-related acetylation reduced positive
influences thes-aggregation process in forming positive- charges of the & fibers (Figure 3F and G). TEM examina-
charge clusters and affects toxicity. tion of aspirin-treated A revealed that the fibrous structure
Contribution of Positie-Charge Clusters to/AToxicity. of the fibers remained intact (Figure 3H).
To investigate how positive-charge clusters contribute to the The toxicity of A3 fibers was not reduced simply by
toxicity of AS-aggregates, we chemically modified preformed addition of glucose or aspirin at the concentration used (data
Ap fibers by glycation and acetylation. Both methods modify not shown); the & and glucose or aspirin mixture had to
positively charged sites in protein4—27). Changes in be heat treated to induce chemical modification gfflbers
[-aggregation through glycation were monitored by measur- before assaying toxicity on cells. These results from the
ing Thioflavin T (ThT) fluorescencel(y). We found that glycation and acetylation experiments suggest that positive-
Ap fibers treated with glucose had highgraggregation charge clusters play an important role i £oxicity, even
levels than did £ fibers treated with KO, whosep-ag- though it is unknown how the local structural change caused
gregation level was still significantly high (Figure 3A). Loss by these modifications might have affected toxicity.
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Ficure 4: Modification of local structure affects Asurface properties and toxicity. (4)-aggregation of wild-type and mutantsfas
assessed by ThT fluorescence. Wild-typg @nd two A mutants, (Alag and (M2k}, were dissolved in 20 mM Tris-HCI (pH 7.4) to a

final concentration of 1&M and incubated at 37C for 212 h. (Ala} and (M2k} are synthetic £40 peptides whose three basic residues
(Arg5, Lys16, and Lys28) are mutated to Ala and M2k residues, respectively. MZN§-dimethyllysine. The fluorescence intensity of

each sample, including buffer alone, was measured by ThT (final concentratioi)1(Btatistical significance was calculated by using

a Student's-test, p < 0.0005. Data are presented as means of triplicat&EM. (B) Percent aggregation of each sample assessed by
measuring absorbance at a wavelength of 214 nm, as described in Materials and Method<).001. (C) Effect of 4 mutation on
cytotoxicity. The percent mass concentration of aggregates in edcample was adjusted, and cytotoxicity was assessed by MTT assay.
The AS samples were added to HEK293 cells cultured in 50% serum-free DMEM, and after 22 h, MTT was added to the cells, which were
incubated further fo2 h (h = 3). Cytotoxic effects by three kinds of/Afibrils (wild type (@), (Ala)s (a), and (M2k} (O)) are significantly
different by two-way ANOVA: p < 0.0001. (B-F) Amino acid mutations affect A surface characteristics. Wild-typeSAibers (D)

(Ala); Ap fibers (E), and (M2lg Ap fibers (F) were co-incubated with CG (5 nm) at room temperature, applied onto nickel grids, fixed
with 5% glutaraldehyde solution, then negatively stained with 2% phosphotungstate (pH 7.1). Grids were examined on an LEO912AB
electron microscope at 100 kV. Magnification is 80,000, and the scale bars are 100 nm.

Local Structures Affect the Surface Properties pfbrils Contrary to our expectation, positively charged (M2k)
and Their Cytotoxicity.To determine the role that local aggregates showed much lower toxicity than did wild-type
surface structures play in Atoxicity, we assessed the Ap-aggregates, even more significantly than (Al@igure
[-aggregation capacity and cytotoxicity of two mutant A 4C). The (Ala} toxicity we observed may be due to the
peptides. One mutant, (Alg)s a point mutant (R5A, K16A,  remaining positive charges stemming from His residues,
K28A) of A40 in which three basic residues were replaced whose subpopulation remains positively charged at neutral
with hydrophobic Ala residues, and the other mutant, (M2k) pH. This possibility is consistent with the pattern of CG
is a point mutant (R5M2k, K16M2k, K28M2k) of 240 in binding on (Ala} fibrils, even though much fewer CG
which the three basic residues of wild-typg #vere replaced  particles bound to the mutant than to wild-typg Abrils
with less hydrophobid\8 Né-dimethyllysines (M2k). (Figure 4D and E).

After incubating samples of wild-type/Aand the two 4 Alternatively, (Alay toxicity may also be due to the
mutants for the same period under the same conditions, wehydrophobicity of the mutant because the interaction between
assessed the extent gfaggregation by measuring ThT hydrophobic sites on A-aggregates and membrane has also
fluorescence (Figure 4A). Both (Alaand (M2k} showed been suggested previouslis]. Then, positive-charge clus-
lessB-aggregation than did the wild type. Since ThT may ters alone do not affect on/Atoxicity. Ala has a hydro-
bind peptides having different sequences with varying phobicity of 0.616, whereas Arg and Lys have hydropho-
affinity, we also assessed aggregation by adjusting the bicities of 0.000 and 0.283, respectiveBgj. Although it is
concentration of aggregates and measuring the percentagalmost impossible to remove positive charges without altering
of aggregation by sedimentation assay (Figure 4B). Consis-the surface properties orpAibrils, the overall hydrophobic-
tent with our ThT results, both the (Algdnd (M2k} mutants ity of fibrils can be maintained at a more or less constant
showed a significantly lower percentage of aggregation thanlevel, as with (M2k) mutant fibrils. To create (M2k) the
did wild-type AS (Figure 4B). three basic residues of wild-typefAwere replaced with

Next, we assessed and compared the cytotoxicity/®f A N&Ne-dimethyllysine (M2k), which has a hydrophobicity of
aggregates formed by eachpAnutant to those formed by 0.151 in contrast to 0.189, the average hydrophobicity of
wild-type AB by using an MTT assay. To ensure that cell one Arg and two Lys. The reason for such a low hydropho-
cultures were exposed to comparable amounts of aggregatedicity for M2k is that M2k remains positively charged, as
we used the percentage of aggregation values to calculatdound with heterochromatin-associated protein 1 (HB0).(
the percentage of mass concentration for each typefef A Comparing aggregates formed by (M2land wild-type
aggregate. Aggregates of the (Almutant showed slightly ~ AfS enabled us to study how local surface structure can
but significantly lower toxicity than did those of wild-type contribute to A8 fibril toxicity (Figure 4). Although both
Ap (Figure 4C), although the difference was not as large as (M2k); and wild-type A3 are positively charged and have
that expected from the chemical modification experiments. comparable hydrophobicities, (M2kgggregates were much
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less toxic than were wild-type aggregates (Figure 4C). This
result can be explained by analogy to HP1, whose methylated
lysine side chain is unsuitable for “normal” electrostatic
interactions 80). This is because methylation of lysiné N
adds hydrophobic methyl groups and polarizes the ¢t
bond, creating a delocalized positive charge that prefers
cation—gr interactions with aromatic residue81j. This
property of the M2k residue, whose delocalized positive

>

Trp Fluorescence (a.u.)
o w 3 o
TrpFluorescence (a.u.) 0
S 0

P
w

R +
(=10 5

M
o

charge is not suitable for electrostatic interactions, is reflected & O8O
qualitatively in the reduced CG binding we observed on 0 5 10 20 40 Yge@‘qg\\“ “‘Q@“
(M2k); mutant A3 fibers (Figure 4F). This finding suggests [AB40] (uM) Qz\\\* <«
that it is not simply the positive-charge clusters but the local ®
structure that affects surface physicochemical composition C
of Ap fibrils responsible for various interactions with cell ';JS ok
membranes. A

@

Collectively, these results suggest that surface physico- 010}
chemical composition contributes significantly t@ foxicity '
and their efficacy depends largely on the local structures of
amino acid side chains.

Inhibition of AS Toxicity on the Basis of the Surface
Properties of & AggregatesThus far, we have considered
the effects of surface physicochemical properties gF A

0 10 1001000 D 0 25 25 250
[MBP] (ug/mL) [MBP] (ng/mL)

% MTT Reduction rm ThTFluorescen

aggregates on toxicity. Then, we searched for a compound 120 i

that would reasonably inhibit the surface properties ¢f A . *ﬁ*—— :E*

fibers, suppressing or at least reducing, their toxicity. If il Tl
e . o 80 -

electrostatic interactions between positive-charge clusters and

negatively charged cell membranes induce toxicity, then to o 2

reduce toxicity, these positive charges would need to be 40 O o

neutralized by negative charges. However, becauge A 20

possesses a net negative charge at physiological pH, we 0 - '

needed to identify a compound with positive charges to f o1 s ! 18

enhance interactions with the negatively charged sitesfbn A [AB40] (M)

fibrils. Since the positive charges offfaggregates remain  FIGURE 5:  Inhibition of A3-toxicity by MBP. (A) Interaction of
intact, we assumed that the positive-to-negative charge ratioMBP with A3 fibers. A340 fiber solutions at the concentrations

. . o . . indicated were mixed with 1M bovine MBP (MW, 18.4 kDa),
of wild-type A peptide within the amyloid structure thatis  n4'vBP binding to /8 was assessed by monitoring Trp fluores-

almost 1:2 at physiological pH may also remain the same or cence. (B) Effect of salts on MBPAS fiber interactions. Trp

at least may remain similar to that of SAmonomers. fluorescence measurements were performed on samples containing
Therefore, we looked for compounds that possess morel0uM MBP with or without 20uM AB40 fiber ami 1 M NaCl.
positive charges than negative charges, particularly those with(C) Effect of MBP on /A6-aggregationfi-aggregation of samples

- . h 0 cl 21 which is th containing various concentrations of MBP and either ;i
a positive-to-negative charge ratio close to 2:1, which Is the yeincubated 40 (filled bars) or HO (open bars) was measured

reciprocal of the charge ratio of monomerig AAt the same by monitoring ThT fluorescence. (D) Effect of MBP ongA
time, these compounds should also possess some hydrophasytotoxicity. We used the MTT assay to measure the toxicity of

bic amino acids, which would ideally interact with the '\A/I/é gblezfﬁ (&‘irgal Con%ﬁn;gration 0;; M A_/;fo)ti’ghtrg Féresencte of
o . . Filled bars, with 48; open bars, withou oncentra-

hydrophobic sites on Afibers. ] ) tion-dependent toxicity of £40 fiber measured by MTT assay in

We found MBP to be a molecule with properties closely the presence®) and the absenceéj of 50 ug/mL MBP; n = 3;

matching the above requirements. The positive-to-negative*p < 0.005; and *p < 0.05.

charge ratio of bovine MBP is-3:1, and~46% of its

sequence consists of hydrophobic amino acids. Because MBP Next, we examined whether MBP affects the aggregation
has one Trp residue andfthas none, we monitored Trp and cytotoxicity of A8 fibers. ThT assay of samples
fluorescence to assess the interaction of MBP wiftfibers containing both MBP and preformedfAfibers showed
(Figure 5A). Fluorescence emission maxima increased with increasegB-aggregation with increasing MBP concentrations
increasing A concentrations, suggesting that MBP an@l A  (Figure 5C). MTT assay of cells treated with these samples
fibers interacted19). revealed that MBP inhibited the toxicity of(Nibers (Figure

To determine whether this interaction largely depends upon 9D). Moreover, the dose-dependent toxicity ¢f fibers was
electrostatic associations, we treated samples containing MBFclearly suppressed by MBP (Figure 5E). These results suggest
and Ag fibers with salt (Figure 5B). The presence of 1 M that MBP inhibits A8 toxicity by inhibiting the surface
NaCl reduced the emission maximum to control levels (i.e., activity of Ag fibers through electrostatic interactions. From
that of samples containing MBP and salt). Although how these results, we propose that the toxicity ¢f Mborils is
MBP exactly interacts with & fibers is unknown; this  significantly affected by the surface physicochemical struc-
observation indicates that electrostatic interactions betweenture despite the detailed mechanism, and which specific
Ap and MBP did indeed occur. surface properties is yet unknown.
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DISCUSSION important role in A8 toxicity. Moreover, our findings
. . . _collectively explain the structuretoxicity relationship of A8
Af generation and associated conformational changes intoipyils. Upon its formation, the parallel, in registgrsheet
the crosss-pleated sheet amyloid structurg) pbserved in  stcture of 48 fibers should cause the clustering the
SPs are hypothesized to initiate the pathogenesis of 4D (  physicochemical properties of at least some side chains. We
Although A toxicity depends on its aggregation state and gpacylate here that these clusters on the surface dibars

on the electrostatic interaction with cell$3 14, 20), the  jnqyce toxicity. Because this toxic clustering of surface
mechanlsm of that toxicity rremains unknowp because properties occurs as a result of systemgkiaggregation,
detailed structural knowledge is lackingX 19). Using CG,  more regular and longer/ibrils tend to become more toxic

we investigated the positively charged surface properties of (7, 12). This observation supports the concept that neuronal

Af-aggregates and how they contribute 16 tdxicity. The  gegeneration in AD is caused by the depositiop afyloid
presence of positive-charge clusters implies that systematic( "32),

[B-aggregation results in clustering of surface physicochemical
properties. This is indeed consistent with the parallel, in
register 3-sheet 3D model of A fibers (7, 11, 12) that

However, there are also arguments against a primary role
for mature fibrils in AD pathogenesis. They are mostly based
' . . . ’ ., on the absence of a robust correlation between the severity
predicts clustering of the physicochemical properties of side . . : ;
of neurological impairment and the extent of amyloid

chains on the surface ofﬁ}\ﬂbers. Although we also . _deposition 4, 33, 34). Our results that modified surface
attempted to locate the negatively charged surface properties

by using cationic CG, we were unable to observe its adhesionproperties of 4 by fiber bundling, chemical modifications,
on AB fibers, most Ii’kely because of the contamination of synthetic point mutagenesis, and interaction with MBP all

! 7 . . consistently show that the extent gfaggregation is not
PLK in catlonlc_CG sc_)lutlon. Thus far, the t_ech_nlq_ue_ of CG perfectly correlated with toxicity. Instead, our results suggest
attachment to investigate surface properties is limited to a

o ; o . that it is not just thgg-sheeted fibrillar structure but also the
qualitative analysis. Technical improvement in the future f hvsicochemical ition that aff h -
should allow for more quantitative analysis of surface surface physicochemical composition that affects the toxicity

structure on a brotein or on a macromolecular protein of Ap fibrils in ways that we still do not understand. In
P P relation to this, certain amyloid fibril morphologies have been
complex of nanoscale.

shown to be more toxic than other3).( Therefore, we
We observed that A-aggregates formed at pH close to  honose that alteration of the surface properties @firils

the pl of A were clumped and showed fewer CG adhesions, g,ch as fiber bundling, post-translational modifications, or

resulting in lower than expected toxicity from the extent of nieractions with other molecules possibly weakens the

B-aggregation. We also observed that chemical modifications o relation between disease symptom and amyloid deposi-
of basic residues inhibited the toxicity of fibrillar/Aand tion.

decreased CG attachment, suggesting that positive-charge

clusters may play a significant role in wild typesAiber ACKNOWLEDGMENT
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