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ABSTRACT. S-amyloid peptide (4) is the primary constituent of senile plaques, a defining feature of
Alzheimer's disease. AggregategAs toxic to neurons, but the mechanism of toxicity remains unproven.
One proposal is that Atoxicity results from relatively nonspecific A-membrane interactions. We
hypothesized that A perturbs membrane structure as a function of the aggregation staje dfovard
exploring this hypothesis, Aaggregate size and hydrophobicity were characterized using dynamic and
static light scattering and 1,1-bis(4-anilino)naphthalene-5,5-disulfonic acid (bis-ANS) fluorescence. The
effect of A5 aggregation state on the membrane fluidity of unilamellar liposomes was assessed by
monitoring the anisotropy of the membrane-embedded fluorescent dye, 1,6-diphenyl-1,3,5-hexatriene (DPH).
Unaggregated A at pH 7 did not bind bis-ANS and had little to no effect on membrane fluidity. More
significantly, A3 aggregated at pH 6 or 7 decreased membrane fluidity in a time- and dose-dependent
manner. Aggregation rate and surface hydrophobicity were considerably greaté¢t &ggregated at pH

6 than at neutral pH and were strongly correlated with the extent of decrease in membrane fluidity.
Prolonged (7 days) Aaggregation resulted in a return to near-baseline levels in both bis-ANS fluorescence
and DPH anisotropy at pH 7 but not at pH 6. The addition of gangliosides to the liposomes significantly
increased the DPH anisotropy response. Hence, self-associatighmbAomers into aggregates exposes
hydrophobic sites and induces a decrease in membrane fluigltgggregate-induced changes in membrane
physical properties may have deleterious consequences on cellular functioning.

B-amyloid (AB)! is a 39-43 amino acid peptide derived (10) and that fibrils consisting of either amylin orfAwith
from proteolytic cleavage of the large membrane-anchored similar structure but distinct sequence, induce similar changes
amyloid precursor protein (APP)./faggregates into fibrils  in gene expressiorl{) suggest that the interaction between
that constitute the principal proteinaceous ingredient of Ag and neurons may not be mediated via specifig—A
cerebrovascular amyloid deposits and senile plaques, two ofreceptor association.

the distinctive pathological features of Alzheimer’s disease  An alternative hypothesis is that3Aaggregates are toxic
(AD). In vitro, toxicity of AS is clearly correlated with  via nonspecific association with cell membranes. There is
aggregation into crogé-pleated sheet fibrilsl{ 2). The exact  growing evidence indicating that?-membrane interactions
mechanism of & neurotoxicity is debated; for review, see occur that affect both peptide and membrane properties. For
Iverson et al. § or Mattson §). Several groups have example, 4 binds to rat cortical homogenates in vitro in
proposed that A associates specifically with cells via an aggregation-dependent mannk?)( Membrane compo-
membrane-bound receptofs{(9). However, the discoveries  nents promoted changes in3/secondary structure and/or
that bothb- and L-enantiomers of & produce fibrillar aggregation propensity8—17). AS or its fragments report-
aggregates with identical structural and cytotoxic properties edly cause the formation of large ion channels in phospho-
lipid planar bilayers 18), leakage of encapsulated dyes from
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1 Abbreviations: 4G, -amyloid peptide (3+39) or (1-40); AD, . . .
Alzheimer’s disease; bis-ANS, 1,1-bis(4-anilino)naphthalene-5,5-dis- branes and alters normal membrane properties. This _ass_c_JC|a-
ulfonic acid; APP, amyloid precursor protein; BHT, butylated hydroxy tion may have adverse consequences for cellular viability,
toluene; BSA, bovine serum albumin; Chol, cholesterol; DMSO, since compounds that inhibitedsAassociation with mem-

dimethyl sulfoxide; DPH, 1,6-diphenyl-1,3,5-hexatriene; FPLC, fast inity i vi
performance liquid chromatography; HPLC, high performance liquid branes ?.ISO preventedgtoxicity in vitro (23). .
chromatography; n-PGn-propyl gallate; PBS, phosphate buffered One important structural feature of membranes is the

saline, 10 mM KHPO/K;HPQ,, 150 mM NaCl; POPC, 1-palmitoyl-  fluidity of the bilayer, because of its influence on proper

2-oleoyl-sn-glycero-3-phosphocholine; POPE, 1-pamitoyl-2-oleoyl-sn- ,nctioning of membrane-bound proteins. A few inconsistent
glycero-3-phosphoethanolamine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-

3-[phospho-rac-(1-glycerol)]; POPS, 1-palmitoyl-2-oleoyl-sn-glycero- results have emerged regarding the effect §fah mem-
3-[phospho-I-serine]; ThT, thioflavin T. brane fluidity. Miler et al. @4, 25) observed decreases in
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membrane fluidity when A was added to mouse brain or Molecular Probes (Eugene, OR). Phospholipids were stored
human cortex membrane homogenates embedded with DPHin chloroform at—20 °C. Cholesterol and gangliosides were
Sonication of A with phospholipids and cardiolipin also stored as solids at20 °C.

induced a decrease in membrane fluidi&g) In contrast, AB Sample PreparatiorExcess water was removed from
when A3 was mixed with rat synaptic plasma membrane DMSO using molecular sieves (Sigma). Lyophilized was
constituents embedded with the fluorescent dye pyrene,dissolved in DMSO at 10 mg/mL for at least 60 min. This
increases in annular and bulk fluidity were observed, (  treatment disrupts3-sheet secondary structur@8f and

28). renders 4 apparently monomeric as measured by analytical

To further clarify the effect of & on membrane fluidity,  ultracentifugation (unpublished data) and as reported by
we measured changes in DPH anisotropy in a model others 89). Aj stock solution was diluted 20-fold in
membrane system. Specifically, we tested the effect/of A Phosphate-buffered saline (PBS: 10 mM #/K-HPO,
on anisotropy of DPH embedded in large unilamellar vesicles and 150 mM NacCl, pH 6 or 7) to a final concentration of
of pure 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) 0.5 mg/mL ¢-115uM equivalent monomer concentration)
and 1-palmitoyl-2-oleoyl phosphatidylglycerol (POPG), as and allowed to aggregate at room temperature for tiays
well as in vesicles composed of mixtures of phospholipids, (38). Freshly prepared samples were either diluted in the
cholesterol, and gangliosides that more closely mimic same fashion and used immediately or kept in pure DMSO
neuronal membraneQQ—‘?,]_)_ DPH anisotropy has been (at 10 mg/mL) until direct dilution into the fluorescence
used extensively to measure lipid ord82{34) and specif-  cuvette.
ically reports on phospholipid acyl chain dynami&5s¢ Light ScatteringStatic and dynamic light scattering were
36). Since aggregation is a requisite precondition for toxicity used to characterize the rate of growth and the size/bf A
(3), we explored whether changes in membrane fluidity were aggregates. Samples were prepared as described above,
correlated with 4 aggregation state. The rate of growth of except PBSA (PBS with 0.02% sodium azide, pH 6 or 7.4)
Ap aggregates was monitored by dynamic and static light was double-filtered through 0.22m filters prior to use.
scattering. The fluorescent dye bis-ANS, frequently used in Samples were briefly vortexed, quickly transferred into clean
protein refolding studies, was used to quantify changes in light-scattering cuvettes, and placed in a temperature-
exposure of hydrophobic sites orfAvith aggregation and ~ controlled (25°C) bath of decahydronaphthalene. Dynamic
to correlate hydrophobic exposure to membrane responselight scattering data was collected using a Lexel (Fremont,
Our intentions were (i) to compare our results to literature CA) argon laser and a Malvern (Southborough, MA) 4700C
data regarding effects of Aon membrane fluidity, (i) to ~ System as described in more detail elsewhé@®. Briefly,
determine whether any such effects observed with biological @utocorrelation functions were measured at 9€attering
membranes could be attributed to specific membrane com-angle over several days. Data were fit using the method of
ponents, and (iii) to ascertain whether these changes decumulants to derive @-averaged translational diffusion
pended on the aggregation state ¢f. Ahis latter point is ~ coefficient and then converted to an average apparent
of particular interest because we believe that any plausible hydrodynamic diameter of an equivalent sphekg, Static
mechanism of neurotoxicity must account for the observa- light-scattering measurements were taken at several time

tions that aggregated but not monomerig & toxic. points with the same samples and apparatus, as described in
more detail elsewheretl). Data were plotted in the Kratky
EXPERIMENTAL PROCEDURES format, °Ry(q)/Kc [= ¢?<M>,P(q)] vs g, whereq is the

) ) _ scattering vector and is a function of the scattering angle,
Materials. Synthetic A8 peptides were purchased from  R(q) is the Rayleigh ratio calculated from the scattered light

AnaSpec Inc. (San Jose, CA). Purity wa85% by HPLC;  intensity measurements,is an instrument constartjs the
correct molecular mass was confirmed by mass spectroscopypeptide mass concentratiorM>,, is the weight-averaged
Lyophilized A3 peptides were stored at70 °C until use.  molecular weight, an®(q) is the particle scattering factor,

Cleavage of APP generateg Aragments of variable length  which is a function of particle shape and dimension. Second
(39—43 amino acids), with A(1-40) the most common  vjrial coefficient corrections were ignored. Data were fit
fragment in biological sample8T). For work reported here,  ysing a semiflexible chain model for the particle shape to
the more soluble shorter fragments3(A—39) and A3(1— determine<M>,,, the total length of the fibriL., and the
40), were used. Data in Figures-3 and 9 and in Tables 1 Kyhn statistical segment lengh a measure of fibril stiffness
and 3 were collected using#1—40), while data reported  (41). Alternatively, the semiflexible star model was used to
in Figures 7 and 8 and in Table 2 were collected usifg A determine<M>,, L, I, andfy, the number of branches).
(1-39). Several DPH anisotropy experiments were run using Data were fit using the nonlinear regression analysis program
both A3(1-39) and A8(1—40); no significant differences  GREG @2).
were observed (data not shown). Electron MicroscopyAp solutions were prepared at pH
POPG, POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos- 6 and 7 as described above and then aggregated for 2 days.
phoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero- The samples were vortexed for 10 s, then 2 of the
3-[phospho-I-serine] (POPS), and cholesterol (Chol) were peptide solution was mixed with one drop of 2% ammonium
purchased from Avanti Polar Lipids (Alabaster, AL). Mixed molybdate and placed on a freshly prepared Pioloform-coated
gangliosides, poly-lysine (molecular mass: 415 and 500 Cu 400-mesh grid (Electron Microscopy Sciences, Fort
kDa), bovine serum albumin (BSA), diphenylhexatriene Washington, PA) for 1 min. The excess was blotted, and
(DPH), n-propy! gallate (n-PG), and HPLC (99.9%)-grade the grid was allowed to dry. The prepared samples were
dimethyl sulfoxide (DMSO) were purchased from Sigma imaged on a Philips (Briarcliff Manor, NY) CM120 Scanning
Chemical Co. (St. Louis, MO). Bis-ANS was purchased from Transmission Electron Microscope at 80 kV.
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Size Exclusion Chromatographihe relative distribution 7. For each sample, fluorescence emission intensity data in
of monomer, oligomer, and large aggregates was measuregarallel and perpendicular orientations were collected four
with size exclusion chromatography. A Superdex 75 PC 3.2/ times each and then averaged. No more thah dnisotropy
30 precision size-exclusion column plumbed to an FPLC measurements were taken on a given sample to prevent DPH
system (Pharmacia, Piscataway, NJ) was calibrated withbleaching artifacts. For a given liposome sample, total
PBSA, pH 7.4, as the mobile phase, with the following fluorescence intensity generally decreaseti0% due to
proteins as molecular mass standards: insulin chain B (3.5dilution and photobleaching combined. All measurements
kDa), ubiquitin (8.5 kDa), ribonuclease A (13.7 kDa), were at room temperature. Anisotropyvas calculated as:
ovalbumin (43 kDa), and BSA (67 kDa). The column’s
exclusion limit for globular proteins is 100 kDa. Small r=
aliquots of A samples prepared for light-scattering experi- loar T 2015
ments were injected into the column. The apparent molecular . ) ) ) )
weight was determined by comparison to calibration data. Wherelpr= parallel intensity) ,er= perpendicular intensity,

Bis-ANS Fluorescenc&luorescence of the dye bis-ANS andg = g-factor. For a completely rlgld immobile molecule,
was used to measure the relative exposure of hydrophobic!par = 3lperandr = 0.4 (45). The maximum observable DPH
surfaces on & aggregatesi@, 44). Bis-ANS was dissolved ~ @nisotropy in membranes is limited to 6:8.34 @35).
in PBS, pH 7, to a concentration of 20M. Fluorescence Amsotropy_ was plotted versusﬂ_Aconcentratlon, and _the _
intensity measurements were taken using a PTI (SouthSlqpe and intercept were determined by linear regression fits
Brunswick, NJ) spectrofluorometer, with the excitation USing Microsoft Excel. _ .
wavelength at 360 nm and the emission spectra read from_ AS controls, polye-lysine or BSA were dissolved in a 5%
450 to 550 nm. Baseline measurements of bis-ANS in buffer DMSO/PBS (pH 6 or 7) solution at 5 mg/mL (for-45 kDa
were taken first, and thenfwas added to the fluorescence POly-lysine), 10 mg/mL (for 500 kDa poly-lysine), and 0.5

|par_ glper

(1)

cuvette to a final concentration ofi. Increasing the & mg/mL (for BSA) and then diluted into liposome solutions
concentration increased bis-ANS fluorescence, whereas@nd analyzed as described above. . o

decrease the fluorescence signal (data not shown), demonPeroxidation, the method of Walter et a46) was used with

strating that these experiments were run under excess dyéninor modifications. Briefly, 4(1—40) was aggregated for

conditions. DMSO and PBS had no effect on bis-ANS 2 days at 11%M (0.5 mg/mL) at pH 6 or 7 and added to

fluorescence (data not shown). vesicles (1 mg/mL) to a final A concentration of 11.aM.
Liposome Preparation Unilamellar single-component A 100 uL aliquot was added to 1 mL of CHOD-iodide

(POPC or POPG) and multicomponent vesicles were pre-éagent47), 20uL of BHT in ethanol (35 mM), and 8@L

pared by extrusion. Type 1 and 2 vesicles consist of POPC/Of sodium azide (5 mM) for 3 h, centrifuged-1500®),

POPE/POPS/Chol (36:36:10:18) and POPC/POPE/POPSsAN filtered at 0.2«m to eliminate turbidity effec_:ts, and

Choligangliosides (33:33:10:16:8) by mass percent, ab_sorbance was.measured at 36.5 nm. Alternanvely, DPH

respectively. Cholesterol and gangliosides were dissolved in@Nnisotropy experiments were carried out in the presence of

chloroform or methanol and mixed with phospholipids stored the antioxidant, n-PG.

in chloroform. DPH was dissolved in chloroform and added RESULTS

to the phospholipid solutions at a 1:500 (DPH/phospholipid)

molar ratio to ensure incorporation of DPH into the vesicles.  Characterization of & Aggregate Size, Growth Kinetics,

DPH/phospholipid solutions were dried undes das fol- and MorphologyMonomeric AG spontaneously converts to
lowed by 1 h of vacuum desiccation and overnight storage fibrillar aggregates at physiologically relevant conditions.
in a desiccated container. Samples were stored24 °C. Size-exclusion chromatography and laser light-scattering

Dried samples were dissolved in PBS pH 7 at 5 mg/mL, were used to characterizebAggregate size and distribution
allowed to equilibrate for 30 min, and then passed at leastas a function of pH and time. On a calibrated Superdex
20 times through an extruder (Avanti Polar Lipids) with a column, freshly diluted £ at neutral pH eluted as two
100-nm membrane pore size. Exposure to light was mini- overlapping peaks with residence times correspondingsto A
mized throughout the liposome preparation process. Lipo- monomers and dimers (data not shown). Freshly dilutgd A
some diameter was verified at125 nm (polydispersity  at pH 6 produced a single broad peak, with a significantly
~0.14) by dynamic light scattering. smaller area, that eluted with a retention time corresponding
Membrane Fluidity Measurement&nisotropy measure-  to a mixture of monomerdimer species. Peaks at the void
ments were obtained using a PTI spectrofluorometer equipped(100 kDa for globular proteins), but no intermediate species,
with manual polarizers. Excitation and emission wavelengths were detected at pH 6. By comparing monomer/dimer peak
were set at 360 and 430 nm, respectively. GHactor was areas with calibration curves, we estimated th@5% of
measured as described and used in the anisotropy calculatio®\3 at pH 7, but only~20% of A3 at pH 6, was monomer/
as shown in eq 146). Liposomes with embedded DPH were dimer, with the remainder present as aggregates. To provide
diluted to 250uM (phospholipid concentration) with PBS.  another measure of the fraction of peptide in aggregated
Aliquots of A3 solutions were titrated into the liposome- form, A5 samples were prepared at pH 6 or 7, incubated for
containing buffer and equilibrated for #20 min after each 2 days, and then centrifuged for 5 min at 12Q0These
addition. Preliminary results indicated this was sufficient time conditions are sufficient to pellet much, but not all, ag-
to reach steady-state (data not shown). The pH of the A gregated /. The percent of & in the supernatant phase
and liposome solutions were matched such thainsubated was~67% at pH 7 and~15% at pH 6 using a Lowry assay
at pH 6 was added to vesicles at pH 6 and likewise for pH (Sigma).
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Ficure 1: Growth kinetics of & aggregates at physiological pH.
Ap was dissolved in DMSO and then diluted 20-fold into PBS,
pH 7.4, to a final concentration of 0.5 mg/mL. The average apparent
hydrodynamic diameterds,, was determined from cumulants
analysis of dynamic light-scattering data taken at S@attering
angle.

Immediately upon dilution of & from DMSO stock
solution into PBS at pH 6, the sample become optically
turbid, indicative of formation of macroscopic aggregates.
This rapid precipitation precluded collection of light-scat-
tering data. In contrast, Asamples diluted into PBSA at
physiological pH remained optically clear for several days.
The rate of growth of & aggregates was characterized by
dynamic light scattering (Figure 1). Large aggregates were
present within minutes of dilution, with an initial hydrody-
namic diameterdspn of ~75 nm. Assuming a rigid-rod
morphology, this corresponds to a fibril length-e800 nm
(48). The averagel,,increased linearly with time for90
h (4 days). Between 90 and 110 h, fibril growth rate was

accelerated until the appearance of macroscopic aggregates

that precipitated at-110 h (5 days).

Additional detailed information on A growth kinetics,
aggregate size, and morphology was obtained by collecting

static light-scattering data on the same samples. Data are

presented in the Kratky format (Figure 2). The shapes of
the curves at times up to 52 h are characteristic of a
semiflexible fibril morphology 88). At longer times (69 and

93 h), a maximum at intermediate valuesgois indicative

of the onset of a branched structure, which we attribute to
fibril —fibril entanglement as fibrils become sulfficiently long.
The data were fit to model equations fé(g) of semiflexible
chains (24-52 h) or semiflexible stars (693 h), as shown

in Figure 2. Size parameters were extracted from these fits
and are summarized in Table 1. Both average molecular
weight <M>,, and average fibril length. increased linearly
over the first 4 days (Figure 3). The ratieM>,/L. was
constant with time, indicating that the increase in average
aggregate size is due predominantly to fibril elongation rather
than new fibril formation. A modest level of fibril entangle-
ment (number of branches 3—4) at longer times was
detected. The onset of visible precipitates 2110 h
precluded further data collection.

Ap samples were prepared at pH 6 or pH 7, incubated at
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FiIGurRe 2: Change in £ aggregate molecular weight and size with
time. A3 was dissolved in DMSO and then diluted 20-fold into
PBSA, pH 7.4, to a final concentration of 0.5 mg/mL. Static light-
scattering data taken at 2@), 30 ), 44 ), 52 (»), 69 (@), and

93 h (v) after initiation of aggregation are shown as Kratky plots.
Lines indicate nonlinear regression fit of semiflexible chain24
52 h) or semiflexible star (6993 h) models to the data. The
increase in thg-axis intercept is indicative of an increase in average
molecular weight, whereas the appearance of a maximum in the
curves at intermediate values qfis characteristic of branched
structures. Molecular size parameters extracted from data fitting
are listed in Table 1.

Table 1: Size Characteristics of3AAggregates

time (h) <M>,2(1CPDa) Lc (nm) Ik (nm) fo
24 18+ 1 960+ 5 2004+ 20 ND?
30 22+ 2 1160+ 60 160+ 15 ND
44 34+ 3 1960+ 140 150+ 20 ND
52 43+ 4 2100+ 180 140+20 ND
69 49+ 3 2800+ 400 120+20 3.0+0.4
80+ 10 40004+ 800 140+ 30 4.2+0.8

a Average molecular weightM>,,, average fibril length.., average

uhn statistical lengtHx, and average number of branchigswere
determined from nonlinear regression fit of data shown in Figure 2 to
equations for semiflexible chain and star models. Error estimates
represent 95% confidence intervals for fitted parameted = not
determined.
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Ficure 3: Growth of A5 aggregates at physiological pH. Weight-
averaged molecular weightM>,, (®) and average fibril length

L. (O) were determined by nonlinear regression fit of model
equations to the light-scattering data of Figure 2, as described in
more detail in the text. Error bars represent 95% confidence intervals
for fitted parameters.

80

room temperature for 2 days, and then observed under an

electron microscope. Distinct differences in morphological (Figure 4A), consistent with observations by light scattering.
features of /8 aggregates prepared at neutral vs acidic pH In contrast, amorphous aggregates were observed at pH 6
were apparent (Figure 4). Specifically, long semiflexible (Figure 4B). Despite these differences in gross morphology,
fibrils of ~10 nm diameter were present in the pH 7 sample both samples caused an increase in ThT fluorescence (data
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FiGUre 6: Sketch of A4 aggregation at (A) neutral and (B) acidic
FicURE 4: Electron micrographs of Aaggregated for 2 days at  pH. (A) At pH 7, A3 steadily increases from an average fibril length
neutral and acidic pH. (A) pH 7 fibrillar aggregates, scalebar  of ~960 nm at 1 day te~4000 nm at 4 days (Table 1). These

50 nm; (B) pH 6 agglomerated aggregates; scale=b@00 nm. fibrils possess hydrophobic patches as shown by bis-ANS binding
(Figure 5). Fibri-fibril entanglement is detectable as “branching”

at 3 days and increases with time (Table 1). Precipitation occurs
around 5 days, accompanied by a loss of bis-ANS binding when
tested at 7 days. Together these results suggest that at the later
stages of & aggregation at neutral pH, fibriffibril association
mediated by hydrophobic interaction occurs, reducing solvent-
exposed hydrophobic patches but generating macroscopic fibril
bundles. (B) At pH 6, & instantaneously forms large, amorphous
aggregates that precipitate in less than 24 h. These aggregates
contain many highly hydrophobic solvent-exposed patches, which
are present even at 7 days. This suggests tifaadgregation at

pH 6 does not occur through orderly self-association via burial of
hydrophobic interactions and that precipitation occurs due to poor
aggregate solubility near the isolectric point.

Fluorescence Intensity
(arbitrary units)

460 480 500 520 540

indicates that soluble aggregates can bind bis-ANS. (The
_ ) supernatant phase scattered light, indicating that some
FiIGURe 5: Effect of A3 aggregation on bis-ANS fluorescence. PBS aggregates were still present in solution.) Surprisingl/f

(3, n=18), freshly diluted 48 (W, n = 4), and AS aggregated for ; .

2 days in PBS at pH 70, n = 6) or pH 6 @, n = 6) were added ~ W&S aggregated for 7 days at pH 7, fluorescence intensity
to PBS containing the dye bis-ANS. Fluorescence spectra weref€turned to near background levels (data not shown). In
collected from 450 to 550 nm, with excitation at 360 nm. Results contrast, there was no decrease in bis-ANS fluorescence with

shown are averaged scans from¥8 samples; the error bars signify  prolonged (7 days) incubation ofat pH 6.
one standard deviation. Two other data sets were taken with samples

prepared on different days with similar results (data not shown). ~ Results from light scattering, electron microscopy, and bis-
Binding of bis-ANS to exposed hydrophobic sites is signaled by ANS fluorescence experiments are summarized schematically
an increase in fluorescence intensity and blue-shifting of the peak.in Figure 6. Briefly, upon dilution of monomeric Ainto
Etlgt‘i’gﬁigﬁ;‘%eiﬁg}ﬁ?%% %f_&)‘"f‘ggregated at pH 6 and 7 was  pgg at pH 6,-80-85% of the peptide is rapidly converted

to precipitable macroaggregates lacking a well-defined linear
fibrillar structure and possessing considerable surface hy-
drophobicity. With dilution into PBS at pH 725—35% of
Ap is converted to aggregates of fibrillar morphology that
remain soluble and elongate steadily over the coursedf
days. Eventually (after 5 days), a second phase appears. The

tion about the structural features ofAaggregates. Bis-ANS soluble fibrils contain surface hydrophobic patc.hes, bqt this
binds to solvent-exposed hydrophobic patches on protein property disappears after prolonged (1 week) incubation.

surfaces, producing an increase in fluorescence intensity and Ag-Induced Changes in Membrane Fluidity of Single-
blue-shifting of the emission maximumg 44). Monomeric ~ Component Liposomek POPG or POPC liposomes at pH
Ap had no effect on bis-ANS fluorescence (Figure 5). Bis- 6 or 7, DPH anisotropy was-0.14. When freshly diluted
ANS fluorescence intensity increased severalfold when AB at pH 7 was added to liposomes, there was no effect on
mixed with A3 aggregated for 2 days at pH 6 or 7, with the DPH anisotropy with POPC liposomes and a modest effect
pH 6 sample having a significantly greater effect (Figure with POPG liposomes (Figure 7). In contrast, whehwas

5). Both spectra showed a blue-shift in the emission aggregated at pH 7 for 2 days prior to addition to liposomes,
maximum to~485-495 nm, with pH 6 aggregates slightly there was a marked increase in DPH anisotropy that was
more blue-shifted by-5—10 nm. A sample of 8 aggregated  linear with increasing A concentration (Figure 7). This

at pH 7 for 2 days was centrifuged, the supernatant was effect was somewhat greater with POPG as compared to
removed, and the pellet was washed and resuspended. BotRPOPC vesicles. Control solutions of BSA and poly-lysine,
supernatant and resuspended pellet caused approximatelgr dilution of liposomes with DMSO or additional PBS, had
equivalent increases in bis-ANS fluorescence intensity, whenno effect on DPH anisotropy (data not shown). Somewhat
corrected for 4 concentration (data not shown). This different results were obtained at pH 6. Freshly prepargd A

Wavelength, nm

not shown), a dye frequently used to detect extended cross
p-sheet structure characteristic of amyloid fibrifs).

Surface Hydrophobicity of AAggregatesThe fluorescent
dye bis-ANS, which is widely used in protein refolding
studies $0, 51), was employed to gather additional informa-
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FIGURE 7: Effect of A3 aggregation at pH 7 on DPH anisotropy.  FIGURE 8: Effect of A aggregation at pH 6 on DPH anisotropy.
Af was dissolved in DMSO and then diluted 20-fold into PBS, A/ was dissolved in DMSO and then diluted 20-fold into PBS,
pH 7. Freshly prepared®) and 2 day-aged¥) Af solutions were ~ PH 6. Freshly diluted®) and 2 day-agedd) Aj samples were
titrated into (A) POPC or (B) POPG liposomes with embedded 2dded to (A) POPC and (B) POPG liposomes with embedded DPH.
DPH. Fluorescence intensity measurements were taken in parallelPata shown are a compilation of-2 replicate experiments at each
and perpendicular orientations, and the anisotropy was calculatedcondition. Lines are linear regression fits of the compiled data.
per eq 1. Data shown are a compilation ef£replicate experi-
ments at each condition. Lines are linear regression fits of the Table 2: Effect of Aggregation, pH, and Phospholipid Type on
compiled data. Error bars atel standard error of the fitted data. ~ Ap-Induced Changes in DPH Anisotrapy

POPC POPG
at pH 6 caused a dose-dependent increase in DPH anisotropy o7 He o7 Ho
for both POPG and POPC liposomes (Figure 8). This effect P P b P
was rapid, since when Ain DMSO was diluted directly ~ freshly prepared 0303  57+£06 17£05 7.0£06

into a solution of liposomes at pH 6, the anisotropy reached % ggzsagggd %‘i 8:? ;i 1 ?;%i 8:; 13‘_9& 8:;
steady-state at 10 min after dilution and wa80% of this 3 days aged 4908 101+06 7+1 1241
steady-state value at 3 min after dilution, the earliest time 4 days aged F1 10+ 1 4+1  11.0£0.9
point recorded (data not shown). Whef§ &vas aggregated 2 AB (0.5 mg/mL) was aggregated in PBS at pH 6 or pH 7 for the

for 2 days at pH 6, the increase in anisotropy was even moreindicated length of time and then diluted into solutions of POPC or

pronounced (Figure 8). Under some conditions, DPH ani- POPG liposomes containing embedded DPH. Anisotropies were

; ; calculated from measured fluorescence intensities in the parallel and
sotropy increased to values equal to that obtained for POI:)Cperpendicular orientation and plotted v8 oncentration. Slopes (1®

below its gel transition temperature, where= 0.33 G2). anisotropy unitg/M of A) and standard errors shown in the table were
To further explore the time-dependence gf-duced obtained from linear regression fit of anisotropy data plotted ¥s A
changes in membrane fluidity,/Awas aggregated for-14 concentration.

days at pH 6 or 7, then tested in the DPH assay. Results are

summarized in Table 2. At pH 7, DPH anisotropy increased ties: freshly diluted monomeric Aat pH 7 was unable to
over the first 2 days, with a greater increase from day 0 to induce changes in bis-ANS fluorescence or DPH anisotropy;
day 1. Interestingly, there was a small but statistically Aj at pH 6 aggregated more rapidly and completely, caused
significant decline in anisotropy at 4 days. At all time points, a greater increase in bis-ANS fluorescence, and induced
the change in DPH anisotropy was greater for POPG thanlarger changes in DPH anisotropy than dig At pH 7.

for POPC liposomes. At pH 6, the change in DPH anisotropy  Given the differences in time dependence for the pH 6 vs
with concentration increased from 0 to 2 days of aggregation pH 7 samples, we next agedpAfor 7 days and tested
and then plateaued. No change in anisotropy with longer (4 preparations in the DPH assay. At pH 6, the increase in DPH
days) aging time was observed. There was a consistent, buinisotropy at 2 and 7 days aggregation time was comparable.
not statistically significant, difference between POPC and Surprisingly, at pH 7, the increase in DPH anisotropy after
POPG liposomes at pH 6. Taken together, the data indicate7 days aggregation was reduced to about 20% of the value
that A8 induced decreases in membrane fluidity in an age- obtained after 2 days. These results correlate strongly with
and pH-dependent manner. Qualitatively, these results mirrorthe bis-ANS fluorescence data: at pH 6, bis-ANS fluores-
the age- and pH-dependent changes fhphysical proper- cence was the same at 2 and 7 days, whereas at pH 7, bis-
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0.3 ] . . days increased DPH anisotropy to a greater extent than did
A ] Ap aggregated at pH 7. The slopes of the anisotropy data vs
0.28 l concentration are substantially smaller for type 1 vs single-
] phospholipid liposomes (compare Tables 3 and 2). This is
likely a consequence of the higher initial anisotropy of the
multicomponent liposomes.

Multicomponent liposomes containing 8 wt % gangliosides
(type 2 liposomes) were prepared and assessed in the DPH
anisotropy assay (Figure 9b and Table 3). Without any added
ApB, DPH anisotropy was-0.23 in type 2 liposomes. Freshly
prepared £ at pH 6 or 7 had no effect on DPH anisotropy.
Ap aggregated for 2 days at pH 6 and pH 7 increased DPH
anisotropy in a dose-dependent manner. For both pH 6 and
pH 7 aggregates, the anisotropy increase wa8% greater
with gangliosides presenp (< 0.05).

Ap reportedly induces lipid peroxidation under some
conditions B3, 54). To explore the possibility that lipid
peroxidation caused membrane fluidity changes, we incu-
bated aggregated Awith liposomes and tested for the
presence of lipid peroxides. In POPC, POPG, type 1, or type
2 vesicles, no significant peroxidation was observed. To
further confirm this result, we tested the ability offA

0.2 ! : : aggregates to cause increases in DPH anisotropy in the
0 5 10 18 20 presence of the antioxidantpropyl gallate (n-PG), which
[AB], uM has been reported to reduce £oxicity in cell culture g5,
Ficure 9: DPH anisotropy with (A) type 1 and (B) type 2 vesicles  56). No effect of n-PG was observed (data not shown).
atpH7 (@, - - M---)andpH6 (O~ -- -~ upon addition  yogether these data indicate that thé-iduced increases

of freshly diluted (--W---, ------) and 2 day-aged<(@®@—, . . A )
—0o-) A%_ Measuﬁemems were take)n as desc%begd in_(Figures ~in DPH anisotropy are unrelated to any oxidative reactions.

and 8. Aged 4 induces a significantly larger anisotropy increase
in vesicles containing gangliosides at both pH 6 and phb %( DISCUSSION
0.05). Error bars representl standard deviation.

Anisotropy

Anisotropy

Given the amphiphilic nature of A the location of its
Table 3: Effect of Aggregation, pH, and Membrane Composition C-terminus in the membrane-spanning domain of the precur-

on Ag-Induced Changes in DPH Anisotropy sor protein APP, plus evidence that dissimilar peptides
type 1 type 2 forming structurally similar fibrillar aggregates elicit similar
biological responses, it is a plausible hypothesis that A
pH7 pH 6 pH7 pH 6 . . .
P—— T 0801 06102 —01£00 00L00 triggers adverse effects on cellular function through interac-
reshly prepare .8 0. . 2 —0. . . . : : L -~
2 days aged 1401 19£01 20£01 29+02 tions with cell membranes. A striking feature of Aoxicity

is the requirement that the peptide undergo an aggregation

aApB (0.5 mg/mL) was aggregated in PBS for the indicated length _ ; ;
of time and then diluted into solutions of mixed-composition liposomes process 1, 3). Thus, any &—cell interaction relevant o

containing embedded DPH. Type 1 and type 2 vesicles consist of POPC/LOXICity must account for this dependence. A key goal in

POPE/POPS/Chol (36:36:10:18) and POPC/POPE/POPS/Chol/ganglio-this work was to determine whether changes in membrane

sides (33:33:10:16:8) by mass percent, respectively. Data were analyzedphysical properties were correlated withs Aaggregation.

as described in Table 2. Sincey-secretase cleavage of APP at the C-terminus®f A
may occur in the acidic endosomal-lysosomal systé®naiid

ANS fluorescence at 7 days was considerably diminished there are drastic morphological and kinetic differences

relative to 2 days. between aggregates prepared at acidic versus neutr&fH (
AB-Induced Changes in Membrane Fluidity of Multicom- 58), we also investigated the effect of pH off Aggregation
ponent Liposomes\ext, we explored the effect of Aon and Ag-induced changes in membrane properties. Large

DPH anisotropy in mu]ticomponent |ip030mes that more unilamellar vesicles were chosen as model membrane
closely mimic biological membranes. Results were qualita- Systems, to provide uniformity in physical properties and
tively similar to those obtained with single-component control over membrane composition. Membrane fluidity and
liposomes (Figure 9 and Table 3). Without any addgtj A permeability studies carried out using well-defined liposomes
DPH anisotropy was-0.22 in type 1 (POPC/POPE/POPS/ have proven to reliably reflect natural membrane behavior
Chol) liposomes. The greater anisotropy in type 1 liposomes (59).

as compared to POPC or POPG is expected since cholesterol We chose to monitor membrane fluidity as a means to
decreases fluidity in membranes above their gel phaseevaluate whether Aadversely affects membrane properties
transition temperature./Aaged for 2 days at pH 7 caused a in a biologically relevant manner. Proper functioning of
concentration-dependent increase in DPH anisotropy, butintegral membrane proteins and signal transduction pathways
freshly prepared A at pH 7 had no effect (Figure 9a). are sensitive to the local bilayer environment. For example,
Freshly prepared Aat pH 6 had a marginal effect on DPH decreased membrane fluidity disrupts the CCK recep®r
anisotropy in type 1 vesicles./Aaggregated at pH 6 for 2  protein complex in rat cortical membrane80) and alters
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Na'/K*-ATPase activity §1). The latter observation is of The potency of /& decreased slightly at 4 days and
particular interest to this work in light of reports thaffA  essentially disappeared after 7 days of aggregation. These
reduces N&K-ATPase activity§2). Changes in membrane changes can be related to changes jh agygregate struc-
physical properties have been associated with AD in a few ture: after 4 days there was an increase in the growth rate
reports; in particular, Mecocci et ab3) observed significant  observed by dynamic light scattering and a change in
decreases in AD mitochondrial membrane fluidity as com- morphology observed by static light scattering. At 7 days,

pared to age-matched controls. there was formation of a precipitate phase and a loss of bis-
A combination of methodologies were employed to ANS binding. We propose that self-association of monomeric
characterize size and surface hydrophobicity ¢ Ag- Ap into soluble fibrils generates hydrophobic patches at the

gregates as a function of time and pH. Insoluble aggregatesfibril surface that facilitate interaction of Aaggregates with
were formed essentially instantaneously upon dilution of the acyl chains of the bilayer core, restricting chain mobility.
monomeric 49 into acidic pH buffer, with roughly 8685% These hydrophobic patches also drive fibfibril assembly,

of peptide in an aggregated form. These aggregates boundeading to eventual burial of the hydrophobic areas. There
to bis-ANS strongly, indicating the presence of hydrophobic is a subsequent loss of membrane activity after surface
patches commonly observed in partially folded or misfolded hydrophobicity is buried. It is interesting to speculate whether
proteins. In contrast, dilution of monomerig3Anto neutral the loss of membrane activity after 7 days is related to the
pH buffer led to the formation of soluble (optically clear) “overaging” effect reported by some, in whiclfAoses some
aggregates. Only 2535 wt % of A3 at pH 7 was aggregated  of its toxic potency in cell culture assay85).

into high molecular mass(100 kDa) species. These fibrillar Both fresh and aggregatedsat pH 6 induced decreases
aggregates grew slowly and continually over 4 days. After i, membrane fluidity. These decreases wers0—100%

4 days of aggregation, the rate of growth increased and thegreater for pH 6 than for pH 7 aggregates at®days of
morphology shifted to a slightly branched or entangled aging time. Concordantly, A monomer diluted into pH 6
structure followed by the appearance of insoluble macro-  ter aggregated immediately, and bis-ANS fluorescence
scopic aggregates. Freshly dilute@ At pH 7 did not bind jnsensity for pH 6 aggregates was roughly twice that for pH

bis-ANS. Soluble aggregates during the growth phase ; ; ; ;
. . g ggregates. Unlike pH 7 aggregates, neither bis-ANS
contained hydrophobic patches that bound bis-ANS, but theseq o rescence nor DPH anisotropy was attenuated with longer

were lost after formation of a precipitate phase(days).  5ggregation time. These results also provide additional

We propose the following interpretation of these data. gnhort for the hypothesis that hydrophobic patches on the

Freshly diluted 4 is monomeric and does not display @ g rface of partially folded & aggregates are responsible for
sufficiently large hydrophobic area to bind bis-ANS. Dilution membranepintera{:tions. Aaggreg P

of monomeric into PBS at neutral pH initiates rapid
w b P Since DPH is buried deep within the acyl chain region of

folding and orderly association into fibrils, driven by a . . . f
balance of hydrophobic collapse and electrostatic interactions (€ Pilayer, increases in anisotropy report on decreased acyl
chain mobility and increased chain order in the hydrophobic

Hydrophobic patches are generated d@kfélds and associ-
ycrop P g st core @5, 36). Such changes are typically observed with

ates into fibrils. The predominant growth mechanism is via . ) i > i
fibril elongation, as evidenced by the nearly constant ratio 'NSertion of hydrophobic peptides into a membra.(For

of molecular weight to fibril length (Figure 3). As fibrils ~ €xample, functional mutant OmpA signal peptides possess
become sufficiently long~4 days), fibril-fibril contact high hydrophobic content, insert into membranes, and
occurs, leading to near-complete burial of hydrophobic Incréase DPH anisotropg1). Similarly, a peptide fragment
surfaces (evidenced by loss of bis-ANS fluorescence), fibril  ffom the cytotoxic proteina-sarcin penetrates into the
fibril entanglement (detected by static light scattering), and nydrophobic core of the bilayer and substantially increases
eventual formation of a second phase. DPH anisotropy a_t temperatures abov_e t_he _p_hase _transmon
AtpH 6, A is near its p of 5.5 (58) and is susceptible to (68). These peptlt_jes s_,hare many S|_m|Iar|t|es withh: A
isoelectric precipitation. A greater fraction of the peptide is £-Strand fold, a fairly high hydrophobic content, and for
converted to aggregates, as evidenced by the size-exclusiof?MPA peptides, a propensity to aggregate. \We propose
results; the surface of the aggregates is hydrophobic andtherefore that /& aggregates induce decreases in membrane
binds bis-ANS, and the gross aggregate morphology is fluidity via bilayer penetration.
nonfibrillar (Figure 4b). Consistent with these results, Wood  The similarity in response of both POPC and POPG
et al. 68) observed a greater fraction of amorphous, liposomes suggests that the effect is not strongly dependent
nonfibrillar aggregates with A aggregated at pH 5.8, and on the nature of the polar headgroup and that changes in
Walsh et al. 64) reported that & at pH 6 formed a “mat” membrane fluidity are not simply the result of electrostatic
of filamentous aggregates that were distinctly different than binding of A5 to the bilayer surface. At pH 7, but not at pH
fibrils formed at pH 7. The rapid association offAat pH 6 6, there were small but statistically significant differences
appears to generate large quantities of partially folded in the effect of A3 on POPC vs POPG liposomes at all time
aggregates that agglomerate into an insoluble structure. points (Table 2), with the former being less sensitive. POPC

An understanding of the physical structure of Ag- and POPG share identical acyl tails and a common melting
gregates is useful for interpreting the DPH anisotropy results. temperature {2 °C). One possible explanation is that the
We observed that aggregated, but not monomericaypH difference is caused by POPG-catalyzed conversion of

7 induced decreases in membrane fluidity in all four types monomeric 46 from random coil tg5-sheet and induction

of liposome preparations investigated. The increase in of AS aggregation13—15). POPC and other phospholipids
potency over the first 2 days of aggregation correlated with with zwitterionic headgroups do not catalyze these changes
the continued growth of aggregates over the same period.(15). At pH 6, conversion tg-sheet aggregates is already
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