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ABSTRACT: -Amyloid peptide (AG) is the primary constituent of senile plaques, a defining feature of
Alzheimer’s disease. AggregategAs toxic to neurons, but the mechanism of toxicity is uncertain. One

hypothesis is that interactions betweefi &ggregates

and cell membranes medigigaXicity. Previously,

we described a positive correlation between tifea§§ygregation state and surface hydrophobicity, and the
ability of the peptide to decrease fluidity in the center of the membrane bilayer [Kremer, J. J., et al.

(2000)Biochemistry 3910309-10318]. In this work,

we report that/Aaggregates increased the steady-

state anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH) embedded in the hydrophobic center of the

membrane in phospholipids with anionic, cationic,

and zwitterionic headgroups, suggesting that specific

charge-charge interactions are not required foj-Amembrane interactions. /Adid not affect the
fluorescence lifetime of DPH, indicating that the increase in anisotropy is due to increased ordering of

the phospholipid acyl chains rather than changes in

water penetration into the bilayer in{eaggragates

affected membrane fluidity above, but not below, the lipid phase-transition temperature and did not alter
the temperature or enthalpy of the phospholipid phase transitipmdiced little to no change in membrane

structure or water penetration near the bilayer

surface. Overall, these results suggest that exposed

hydrophobic patches on thesAaggregates interact with the hydrophobic core of the lipid bilayer, leading
to a reduction in membrane fluidity. Decreases in membrane fluidity could hamper functioning of cell
surface receptors and ion channel proteins; such decreases have been associated with cellular toxicity.

Alzheimer's disease (ADB)is the most widespread pro-

toxicity has been debated; for review, see Mattsgnhaf

gressive neurodegenerative disease, characterized in part bjversen et al.4). The hypothesis that interactions between
the presence of cerebrovascular amyloid deposits and seniléA aggregates and neuronal membranes play an important
plaques. The principal proteinaceous component of theserole in toxicity is gaining some acceptancs).(Recently,

plaques ig-amyloid (AB), a 39-43-amino acid peptide. A

ApB(1—42) aggregates in a membrane-bound conformation

is a cleavage product of the large, membrane-anchoredhave been discovered in dog and human brain secti@ns (

amyloid precursor protein (APP). TheSApeptide consists
of 28 amino acids from the extracellular portion of APP and

7). Several possible mechanisms by whichi-Amembrane
interactions are toxic have been suggested, including per-

11-15 amino acids that reside in the transmembrane domain.turbations in membrane fluidity8(-11), free radical produc-
This amphiphilic peptide spontaneously forms aggregates intion and lipid peroxidationX2), formation of ion channels

aqueous solutions at or below physiological pH.
In vitro, Ap toxicity is closely correlated with aggregation
into crossp-sheet fibrils {, 2). The mechanism behindA
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1 Abbreviations: 48, f-amyloid peptide (340); AD, Alzheimer’s
disease; APP, amyloid precursor protein; BSA, bovine serum albumin;
CA, carbonic anhydrase; chol, cholesterol;, DMPC, 1,2-dimyristoyl-
snglycero-3-phosphocholine; DMPG, 1,2-dimyristeytglycero-3-
[phosphorac-(1-glycerol)]; DMSO, dimethyl sulfoxide; DOTAP, 1,2-
dioleoyl-3-(trimethylammonium)propane; DPH, 1,6-diphenyl-1,3,5-
hexatriene; DSC, differential scanning calorimetry; GP, generalized
polarization; AH, gel to liquid-crystalline phase-transition enthalpy;
HPLC, high-pressure liquid chromatography; laurdan, 6-dodecanoyl-
2-(dimethylamino)naphthalenk;P, lipid:peptide ratio; PBSA, phosphate-
buffered saline with azide, 10 mM KROJ/K,HPQ,, 150 mM NaCl,
and 0.02% NaB POPC, 1-palmitoyl-2-oleoys$irglycero-3-phospho-
choline; POPE, 1-palmitoyl-2-oleoyrglycero-3-phosphoethanol-
amine; POPG, 1-palmitoyl-2-oleogirglycero-3-[phosphaac-(1-
glycerol)]; POPS, 1-palmitoyl-2-oleodrglycero-3-phosphe-serine;
z[Jmean DPH fluorescence lifetim&;, gel to liquid-crystalline phase-
transition temperature; TMA-DPH, 1-[4-(trimethylammonium)phenyl]-
6-phenyl-1,3,5-hexatrieng-toluenesulfonate.
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(13, 14), changes in lipid metabolisnml$), and increased
phospholipase activityl@, 17).

Although the connection betweersAmembrane interac-
tions and toxicity remains tenuous, the existence of these
interactions has been well established. Specifically, A
aggregation kinetics and pathways can be altered in the
‘presence of various membrane componelBs-0). AS has
been variously reported to alter intramembraneous structure
in cultured PC-12 cells 1), increase permeability in
lysosomal and endosomal vesicl@), induce small unila-
mellar liposome fusionZ3), insert into negatively charged
lipid bilayers @4), interact with ganglioside-containing
membranesi(8, 25), and induce leakage of encapsulated dyes
(26). A few researchers have explored wheth@rrAust be
aggregated to interact with membranes. Only aggregated A
bound to rat cortical homogenates in vitrd7), and AS-
(25—35) induced membrane leakage and currents only if
sufficiently aggregated2g).

Previously, we determined the effect gfAggregate size
and hydrophobicity on the fluidity of phospholipid vesicles
in contact with A3 aggregates by measuring the fluorescence
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anisotropy of the membrane-embedded dye DBH AfS dimethyl sulfoxide (DMSO), poly-lysine (molecular mass
aggregation state and surface hydrophobicity were positively of 280 000 Da), bovine serum albumin (BSA), mixed
correlated with the ability of the Aaggregates to decrease gangliosides, bovine type 2 carbonic anhydrase (CA), and
fluidity in the center of the membrane bilayer. In work DPH were purchased from Sigma Chemical Co. (St. Louis,
reported here, these initial studies are expanded to includeMO). Lipids were stored at-20 °C in chloroform. Choles-
several additional phospholipids as well as variation in the terol and gangliosides were stored as lyophilized solids at
depth of the fluorescent probe in the bilayer. We employ —20 °C.

the fluorescent dyes DPH, 1-[4-(trimethylammonium)phen- A3 Sample PreparationAS was prepared essentially as
yl]-6-phenyl-1,3,5-hexatrienep-toluenesulfonate (TMA- described previously8j. Briefly, A5 was dissolved for no
DPH), and 6-dodecanoyl-2-(dimethylamino)naphthalene less than 60 min at 10 mg/mL in filtered (Qu2n) DMSO,
(laurdan) to probe distinct regions of the bilay@6{32). which was previously dried using molecular sieves (Sigma).
TMA-DPH is a trimethylamino-modified derivative of DPH,  This treatment disruptg-sheet structure36) and renders
while laurdan is an amphiphilic fluorescent probe that resides A apparently monomeric (unpublished data anB@f An

at the hydrophilie-hydrophobic interface of the lipid bilayer ~ Aj stock solution was diluted 20-fold in PBSA (pH 6 or 7)
(33). The additional lipids that are employed are 1,2-dioleoyl- and allowed to aggregate for 2 days at room temperature at
3-(trimethylammonium)propane (DOTAP), 1,2-dimyristoyl- 0.5 mg/mL (~115uM equivalent monomer concentration).
snglycero-3-phosphocholine (DMPC), and 1,2-dimyristoyl- Freshly diluted 4 samples were kept in DMSO (at 10 mg/
snglycero-3-[phospheoac-(1-glycerol)] (DMPG). We selected  mL) until direct dilution into the sample was carried out.
DOTAP for its cationic headgroup, yet its gel to liquid- Liposome PreparatiorSingle-component and multicom-
crystalline phase-transition temperatuiig,)(is similar to ponent large unilamellar vesicles were prepared by extrusion.
those of POPC and POPG-10 vs —2 °C). DMPC and Multicomponent type 1 and type 2 vesicles consist of POPC,
DMPG were chosen because they undergo a phase transitio®OPE, POPS, and chol (36:36:10:18 by mass) and POPC,
near room temperature. POPE, POPS, chol, and gangliosides (33:33:10:16:8 by

Our goals included (i) investigating interactions between Mass). Chol and gangliosides were dissolved in chloroform
positively charged lipids and /A aggregates, (i) using @and/or methanol and mixed with phospholipids stored in
lifetime fluorescence spectroscopy to confirm the finding that chloroform. DPH, TMA-DPH, and laurdan were dissolved
A aggregates decrease membrane fluidity, (iii) exploring in chloroform and/or methanol and added to the lipid
the relationship between phospholipid bilayer phase transi- Solutions at a 1:500 (dye:lipid) molar ratio, except for DPH

tions and A{—membrane interactions, and (lV) probinﬁA ||fet|me me_a;urements Where DPH -Wa.S added at a 1:200
membrane interactions near the bilayer surface as well as inratio. The lipid/dye solutions were dried using a $iream,
the hydrophobic core. We report that aggregategl in- followed by vacuum desiccationifd h and overnight storage

creased DPH anisotropy in cationic DOTAP lipids in a in adesiccated container. Dried samples were storecat
fashion similar to the effect on anionic and zwitterionic lipids. °C. Lipid solutions were resuspended in PBSA, allowed to
Aggregated ﬁ did not Change the average DPH fluorescence equilibrate for at least 30 min, and passed thrOUgh an extruder
lifetime; therefore, the increased DPH anisotropy is indicative (Avanti Polar Lipids) with a 100 nm pore size membrane at
of an increased ordering of the phospholipid bilayef A least 19 times. This generates liposome00-125 nm in
decreased the fluidity of phospholipid bilayers only in their diameter, as confirmed by dynamic light scattering measure-
liquid-crystalline state and did not affect tig, or gel to ments. POPC, POPG, DOTAP, and type 1 and 2 lipids were
|iquid-crysta”ine phase-transition entha|p%|-ﬂ) Aﬂ ag- extruded at room temperature. DMPC and DMPG ||p|dS were
gregates decreased membrane fluidity significantly more in dissolved and extruded at high temperature8%-45 °C).

the hydrophobic core of the bilayer than near the hydropho- Exposure to light was minimized during the drying and
bic—hydrophilic interface. extrusion processes. Liposome solutions were either used
immediately or stored in the dark at°€ for up to 3 days.
Fluorescence MeasuremenBPH and TMA-DPH ani-
EXPERIMENTAL PROCEDURES sotropy measurements were taken using a PTI (South
Brunswick, NJ) spectrofluorometer equipped with manual
Materials Synthetic A3(1—40) peptide was purchased polarizers, a four-cuvette turret, and a circulating thermo-
from AnaSpec Inc. (San Jose, CA). Cleavage of APP yields stated water bath (Fisher Scientific, Pittsburgh, PA). Cuvette
A peptides of 39-43 residues, with A(1—40) representing  temperatures were taken using a digital thermometer (Fisher
the largest percentage in biological sampl8d).(Several  Scientific). Excitation and emission wavelengths were 360
Ap batches were used with no noticeable change in proper-and 430 nm, respectively. Data were averaged dve for
ties. Purities were>95% as verified by HPLC, and mass each cuvette. Alignment was verified using a dilute glycogen
spectrometry confirmed correct molecular masses. Lyophi- solution @ > 0.95).G factors were calculated as described
lized A3 was stored at-70 °C until it was used. elsewhere 7). G factors varied slightly with temperature,
1-Palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC), so separateg factors were calculated at each cuvette
1-palmitoyl-2-oleoylsn-glycero-3-phosphoethanolamine temperature. Anisotropy\ was calculated with eq 1:
(POPE), 1-palmitoyl-2-oleoydn-glycero-3-[phospheac-(1-
glycerol)] (POPG), 1-palmitoyl-2-oleoydr-glycero-3-phos- = |par = 9lper 1)
pho+i-serine (POPS), DMPC, DMPG, DOTAP, and choles- lpar = 291
terol (chol) were purchased from Avanti Polar Lipids
(Alabaster, AL). Laurdan and TMA-DPH were purchased wherelp, andlperare parallel and perpendicular fluorescence
from Molecular Probes (Eugene, OR). HPLC (99.9%) grade intensities, respectively, amgs theg factor. The maximum

per
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observable DPH anisotropy in membranes is limited to-6.30 _ o =
0.34 @39). Py
Anisotropy was determined as a function of eithgf A -~ 0 o X o

concentration (for A& titration experiments) or cuvette ! TW\/\NW

temperature. For A titration experiments, the lipid/dye

(o]
solutions were diluted to 256M lipid using PBSA (pH 6 O
or 7). The pH of the lipid solution was always matched with Y O
the pH of the A8 solution. Aliquots of AG solutions were I —

then titrated directly into the fluorescence cuvette, and 3 OW
measurements were taken after steady-state conditions were \}u"\/""go\k,o

reached £10—20 min). For temperature experiments, the

phospholipid solution was diluted to 2/ in the presence }«

of either A3 (final Af concentration of 18.5uM) or J
" : o o I F~7
additional PBSA. Solutions were equilibrated to the set-point
temperature before each measurement. Controls for both B =
types of experiments included excess dilution using DMSO i :W

and PBSA as well as addition of polylysine, CA, or BSA. \\NM\/O’\SO\X/O

CA was used as a control with the DOTAP vesicles, since | TWV\N\/\/
its pl is close to that of A& (5.9 and 5.5, respectivel\39),
while BSA and polylysine are negatively and positively

charged at neutral pH, respectively. - °W\/\/\/\/

Laurdan fluorescence spectra were obtained using the same j\ H
spectrofluorometer. The fluorescence spectrum of laurdan \\N"\/° ‘<‘>°\)§/°
in membranes is sensitive to phospholipid packing and phase | W
as well a.s the polarity and dynamics of water molecules Ficure 1: Chemical structure and approximate location in a model
surrounding the dye4(). These spectral changes can be popc monolayer of the fluorescent dyes laurdan, TMA-DPH, and
quantified using generalized polarization (GP) valu&).( DPH (38, 43). The dimethylamino group of laurdan is reported to

Four GP values were calculated using characteristic wave-be located-5 A from the bilayer surfacel@). The hexatriene group

g 9 q y P P q C4 (~10.9 A from the membrane center) and-€@@10 (~7.8 A)

groups, respectively, in various PC vesicl@8,@7). This figure is

l410 — 1340 i i

_ for illustrative purposes only and does not reflect exact dye

GPem(434,490)_ L4107+ 1340 (2) locations. PP g ’
l434 = lago DMPC and DMPG lipids were resuspended in PBSA at 5

GPa@a0s10= 1T 7 mg/mL, allowed to fully hydrate~435—45 °C) for at least
434+ lag0

1 h, and extruded~35—45 °C). The vesicles were either
where 1. and la are the intensities of the excitation used immediately or stored at°€ until they were used.

spectrum at wavelengths of 410 and 340 nm, respectively, "€ liposomes were diluted to 0.2 mg/mL either in the
with the emission wavelength set to 434 [GRs4] or 490  Presence or in the absence of Aggregated for 2 days at
NM [GPumuso] (40-42). Likewise, lsas and lugo are the pH 6 or 7. The final DMSO concentration in all cases was

intensities of the emission spectrum at wavelengths of 434 1€ss than 1% (v/v). The reference cell was filled with an
and 490 nm, respectively, with the excitation wavelength identical DMSO/PBSA solution. Samples were heated from

set to 340 [GBy4o OF 410 nm [GRu10] (40, 43). Laurdan 10 to 35°C a_t 20°C{h under N gas. Generally, each ;ample
GP measurements as a function of Aoncentration or underwent six heating and cooling cyclgs. Only heqtlng scans
cuvette temperature were taken using the same procedure¥/€ré recorded, and scans-2 were typically used in data
as described above. analysis.

Lifetime Fluorescence Spectrosco®PH fluorescence RESULTS
lifetimes were measured using a PTI fluorescence spectrom-
eter equipped with a nanosecond flash lamp timed using a We explored #—membrane interactions using several
pulse generator from Stanford Research Systems, Inc.fluorescent dyes that partition into distinct regions of the
(Sunnyvale, CA). Data were collected for 50 scans using bilayer. The approximate locations of the fluorescent dyes
the strobe technique and analyzed using PTI Timemasterused in these experiments in a model POPC monolayer are
software. Excitation and emission wavelengths were set to shown schematically in Figure 1. In all experiments, freshly
360 and 430 nm, respectively. The excitation flash profile prepared monomeric/Aor aggregated A aged for 2 days
was obtained by scattering light at 360 nm through a dilute was added to the phospholipid vesicles, and responses were
aqueous solution of Ludox glass beads. POPC/DPH andmeasured within 1820 min. A detailed characterization of
POPG/DPH (200:1) liposomes were diluted (4620 uM) the AB solutions was described previously and is not repeated
using PBSA in the presence or absence ¢faggregated  here g).
for 2 days at pH 7 (final & concentration of 44.aM). Effect of A6 on DPH Anisotropy in Cationic Lipid Vesicles

Differential Scanning CalorimetryData were collected  As reported previously, aggregated significantly increased
using an MCS differential scanning calorimeter running DPH anisotropy in zwitterionic (POPC) and anionic (POPG)
Origin software, both from Microcal (Northampton, MA). vesicles 8). Here, we report that aggregate@ Acreased
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0.3 even though the pl of CA is very close to that of A5.9
] and 5.5, respectively39).
0.25 ] Effect of A8 Aggregates on DPH LifetimeSteady-state
] anisotropy is a function of both dye rotational correlation
§ 0.2 ] time (¢) and fluorescence lifetimer). This relationship is
= 1 described by the Perrin equatian= ro(1 + 7/¢) %, where
2015 ] r, represents anisotropy in a vitrified solutioB7f. We
<

wanted to verify that observed changes in DPH steady-state
anisotropy were related to changes in membrane fluidity (
rather than to environmental changes that influence the DPH
0.05 , , [ ' ] fluorescence lifetimer). This may occur, for example, due
o 5 10 15 20 25 to water penetration near the DPH dye. The mean DPH
(AB], pM lifetime (Z0) in POPG liposomes was 9:6 0.3 ns (| = 5,
) . . mean+ standard deviation), consistent with literature values

Ficure 2: DPH anisotropy with DOTAP vesicles at pH ® @nd

®) or 7 (> andO) upon addition of freshly diluted A(® ando) (42 In the presence of Aaggregated for 2 days at pH 7

and A3 aged for 2 days@ andO). A was dissolved in DMsO,  llipid:peptide ratio [:P) = 14], the DPH lifetime was
then diluted 20-fold in PBSA (pH 6 or 7), and allowed to aggregate unaffected;z0was 9.0+ 0.2 ns ( = 9). DPH anisotropy
for 2 days at room temperature. Fluorescence intensity measure-increased approximately 0.14 units§0% of the net change)

ments were taken in parallel and perpendicular orientations, andat the samé.:P ratio (8). Thus, in our system, the steady-

anisotropy was calculated as per eq 1. The initial DOTAP vesicle ;
concentration was 250M. Data are a compilation of no less than state fluorescence anisotropy ¢f DPH serves as a measure

six replicate experiments. Error bars atd standard deviation. ~ Of average membrane orientational orc8)( Similar results
The slope of the regression lines are 5:8L0~2 anisotropy unit/ ~ were obtained with POPC (data not shown).
uM Ap; aged for 2 days, pH 72 = 0.94), 11 (A8 aged for 2 AB—Membrane Interactions in Liposomes That Undergo
days, pH 62 = 0.95), and 5.1 (freshly diluted & pH 6,12 = a Phase TransitioriThe melting temperaturd ) of POPC,
0.93). Freshly diluted A at pH 7 showed little initial response to POPG d DOTAP i is | imatel® t
increasing A concentration, but the response increased dramatically » an A IPOSOMES IS Iow (appromma ey to
with time over several hours. —10 °C), precluding measurements in the gel phase. To
explore the effect of aggregate¢gAn gel phase lipids, we
used lipids that undergo a phase transition near room
DPH anisotropy in cationic DOTAP vesicles in the same temperature, namely, DMPCT{ = 23.5°C) and DMPG
aggregation-dependent manner (Figure 2). Specificalfy, A (T, = 23.3°C) (46). AB was aggregated for 2 days in PBSA
aged for 2 days in PBSA (pH 6 or 7) induced a dose- at pH 7 (Figure 3) or pH 6 (Figure 4) and added to vesicles
dependent increase in DPH anisotropy, with a significantly at the same pH value.(P ~ 14, 18.5uM Ap). Steady-state
larger effect at pH 6. The concentration-dependent increaseanisotropies were measured from 10 to°dD In all cases,
in DPH anisotropy was modeled as a linear function; the Ag did not discernibly shiffi, and there was no observable
slopes of the regression lines fopAaged for 2 days at pH  hysteresis in the heating versus cooling curves. For all the
6 and 7 were 11 and 58M*, respectively. These values  systems that were studied, DPH anisotropy increased mea-
are comparable to previous measurements in POPC (9 andsyrably in the liquid-crystalline phase and part of the
5.4 uM~, respectively) and POPG (10.4 and 7M™, transition region, but not in the gel phase$ Aggregated at
respectively) liposomes]. Monomeric A8 added directly  ejther pH 6 or 7 induced a comparable increase in DMPC
to DOTAP vesicles at pH 6 had a |esser, but still Significant, vesicles (Compare Figures 3A and 4A)ﬂ ﬂggregated at
effect on DPH anisotropy (Figure 2), which is attributed to pH 6 had a larger effect thanat pH 7 in DMPG vesicles
the rapid aggregation kinetics offiAat acidic pH 6, 39). (compare Figures 3B and 4B,< 0.01). These results were
Freshly diluted 4 at pH 7 initially caused little to N0 compared to the effect of temperature on DPH anisotropy
increase in DPH anisotropy of DOTAP vesicles (Figure 2), in multicomponent (type 1) vesicles, which do not show a
consistent with the results reported preViOUSly for POPC and Sharp phase transition. DPH anisotropy decreased |inear|y
POPG. However, DPH anisotropy increased slowly but with temperature, from 0.29 at 12 to 0.20 at 40°C.
steadily until the maximal value of DPH anisotropy in lipid  Addition of A3 (18.5:M) induced a consistent increase of
bilayers ¢-0.34) was reached after several hours (data not ~0.02 anisotropy units at all temperatures in this range (data
shown). This response was unique to DOTAP with freshly not shown).
diluted A3 at pH 7; no such phenomenon was observed with T independently verify that A does not changdm,
POPC, POPG, type 1, or type 2 vesicles. Control solutions differential scanning calorimetry (DSC) thermograms of
of BSA, CA, and polylysine had no effect on DPH anisotropy pmMmPC liposomes were obtained alone or in the presence of
in all the phospholipids that were studied (data not shown). Ap aggregated for 2 days at pH 6 or 7 (Figure 5)3 A
Freshly diluted and aged/Aagglomerated DOTAP into  aggregates did not affect the DSC tra®g, or AH of the
macroscopic aggregates visible to the naked eye. The timephospholipid phase transitiodH values, integrated from
scale for agglomeration by monomeriggAvas slow, and  the baseline, were 0.0017 cal wittpAtraces A and B) and
roughly correlated with the slow increase in DPH anisotropy. 0.0018 cal with DMPC alone (trace C). Experiments using
BSA (net charge of-18 at neutral pH44) also agglomerated DMPG lipids gave similar results (data not shown). In all
DOTAP, but with no change in DPH anisotropy, establishing cases, samples underwent several heating and cooling cycles
that increases in anisotropy were specific {8 &and not a with no effect on the DSC trace.
byproduct of liposomal agglomeration (data not shown). CA  A3—Membrane Interactions Closer to the Membrane
did not increase DPH anisotropy or induce agglomeration, SurfaceTo further explore #i—membrane interactions near
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Ficure 3: DPH anisotropy at pH 7 in (A) DMPC and (B) DMPG  FiGure 4: DPH anisotropy at pH 6 in (A) DMPC and (B) DMPG
liposomes with aggregated3A(®) or PBSA control ©) as a liposomes with aggregated/5A(®) or PBSA control ©) as a

function of cuvette temperature fAwas dissolved in DMSO, then ~ function of cuvette temperature fAvas dissolved in DMSO, then
diluted 20-fold in PBSA (pH 7), and allowed to aggregate for 2 diluted 20-fold in PBSA (pH 6), and allowed to aggregate for 2
days at room temperature. The final phospholipid ajsdcAncen- days at room temperature. Each data point is the average of two
trations were 250 and 188V, respectively. Measurements were measurements. Other data sets were taken with similar results, but
taken as described in the legend of Figure 2. Each data point is theare not shown for clarity. To evaluate statistical differences between
average of two measurements. Other data sets were taken withAB aggregated at pH 6 or 7, data points neafG3vere averaged
similar results, but are not shown for clarity. into one data point and a Student®st was used. Via comparison

of Figures 3B and 4B, the effect on DPH anisotropy in DMPG
the glycerol backbone region, we used the hydrophilically liposomes with 4 aged for 2 days at pH 6 is statistically larger

modified dye TMA-DPH, which is located at a shallower than with A3 aged for 2 days at pH 7 (asterisk dengpes 0.01).
level in the lipid bilayer due to the addition of a trimethy-

lamino group (Figure 147). Figure 6 shows temperature

scans of TMA-DPH anisotropy in DMPC and DMPG

vesicles with A6 aged for 2 days at pH 7 or PBSA controls. A

There was little to no effect of A aggregates on TMA-
DPH anisotropy, in contrast to the results with the more
deeply embedded DPH (Figure 3). Aggregated Also

induced smaller increases in TMA-DPH anisotropy in POPC
and POPG liposomes compared to DPH (data not shown).
To examine whether A affected membrane properties C
near the bilayer surface, we employed the amphiphilic ' i L ! ' : *
fluorescent dye laurdan, which is localized near the polar 16 18 20 T22 2t4 290 28 30 32
headgroups (Figure 1) and displays high sensitivity to the emperature ()

polarity of its environment. Changes in laurdan excitation FIGURE 5: DSC heating thermograms of DMPC lipids with (A)

P ; ) ; patpH 7, (B) A3 at pH 6, and (C) DMPC control. The reference
and emission spectra due to changes in the dye’s environmen ell was filled with an identical solution of DMSO and PBSA.

are quantified using the GP factor, shown in ed@(GFex DMPC liposomes and Asolutions were diluted to 0.2 mg/mL (295
(emission spectra taken at constant excitation wavelength)uM) and 18.5uM, respectively, to yield an_:P ratio of ~16:1.

reports on the accessibility and mobility of water molecules The fourth heating scan is shown.

neighboring excited-state laurdaAg|; decreases in GR

indicate increased water accessibility and mobility..GP  microenvironment are affectecb@ 51). GP values are
(excitation spectra taken at a constant emission wavelengthyvavelength-independent in the gel phase, but vary with

report on the ground-state environment of laurdé8);(GP.n, wavelength in the liquid-crystalline statéQ; 43).

decreases when laurdalipid interactions weaken. Photo- GPex(aa0) values for pure lipids were 6;0.07, and—0.3
selection of laurdan in more- or less-restricted environments for POPG, POPC, and DOTAP, respectively. These results
is possible; for example, changes in &Royand GRmaas imply that the cationic DOTAP permits the greatest water

without changes in GRza0)and GRmugg)indicate that only penetration and/or water mobility in the headgroup region,
those laurdan molecules in a more restricted (gel-like) whereas POPG allows the least. &fs4)values for DOTAP
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FIGURE 6:  TMA-DPH anisotropy in (A) DMPC and (B) DMPG FiGUrRE 7: Excitation and emission generalized polarization (GP)
icl ith H7 for 2 PBSA :
vesicles with 4% aggregated at pH 7 (aged for 2 d2y@) br PBS values of the laurdan dye using an emission wavelength of 434

control ©) as a function of cuvette temperature. The final - e )
©) b nm (A) or an excitation wavelength of 410 nm (B) with POR®) (

phospholipid and A concentrations were 250 and 188, ! - . .
respectively. Each data point is the average of two measurements@1d POPGQ) liposomes. /& was dissolved in DMSO, then diluted

Other data sets were taken with similar results, but are not shown20-fold in PBSA (pH 6), and allowed to aggregate for 2 days at
for clarity. room temperature. GP values were calculated using eq 2. The initial

phospholipid concentration was 25%M. Error bars show the
standard deviatiom(= 4). Statistical significance between the first

and POPG are similar and lower than those for POPC; this (0uM Ap) and last data points«(17 uM Aj3) was calculated using
implies the zwitterionic POPC associates more strongly with g gtUden;'rsltdteGS;(aSt%vri;gSs?aetg%t:aleOé?;if;gitexﬁﬁt }%ﬁ ((B)T:)ut
laurdan than do the charged lipidsQf. These differences em(490) £x(340) ngieaee
are localized near the interfacial surface since the initial DPH ?é)stlm;h ESF;fe(ﬂ‘g‘tsshh‘;VvVV? 'f(ojrt T:?;r?t?,t_a sets were taken with similar
anisotropies are very similar for all three phospholipids. In

control experiments, polylysine (0.68.1 mg/mL) dramati- . .

cally affected GP values with the anionic lipids POPG and !N Phospholipids that undergo a phase transition near room
DMPG: GRyincreased by-0.30-0.35 and GR,by ~0.1— temperature (DMPC and DMPG)#aged for 2 days at pH
0.2. Polylysine had no observable effect on GP values of 7 induced a very slight, but consistent, change in laurdan
laurdan embedded in POPC or DOTAP vesicles. BSA did fluorescence only in the phase-tran5|_t|on region (Figure 8).
not affect GP values with POPC or POPG, but increased | he greatest changes were observed is@aBand GRmaas)
both GR, and GR.,with DOTAP. Buffer alone did not affect (laurdan in a restpcted or gel-like e_nwronment).. With
GP values in any of the lipid systems that were tested. TakenPOTAP, freshly diluted /& at pH 7 induced a time-
together, these results indicate that laurdan fluorescence i€lépendent increase in GRind GRy, (data not shown). The
strongly sensitive to proteirlipid interactions near the polar Magnitude of this change was similar to that seen with
headgroup region. Coulombic interactions between polylysine POlYlysine and PG, or BSA and DOTAP, but the time scale
and the anionic PG headgroup, or BSA and the cationic Was very slow and comparable to that for the increase in

DOTAP headgroup, are likely responsible for the observed DPH anisotropy and agglomeration/Aaggregated for 2
increases in GR and GR;, days at pH 7 also increased GPs with DOTAP liposomes

Since aggregated/Aat pH 6 or 7 significantly decreased (data not shown), bu_t the magnitudg of the effec_t was 'greater
the fluidity of the bilayer interior, we asked whether the With fresh A than with aged A. This pattern is in distinct
bilayer structure at the surface would be similarly affected. contrast to the relative impact of fresh versus aggtoh
Freshly diluted or /8 aggregated for 2 days at pH 7 had &nionic and_ zwnter!on!q liposomes.fRaged for 2 days at.
little to no effect on any GP value for POPC and POPG pH 6 or 7 did not S|gn|f|qantly affect laurdan GP values in
(data not shown). A aggregated for 2 days at pH 6 multicomponent type 2 liposomes (data not shown).
significantly increased all four GP values for POPG;
however, the magnitude of the effect was otily of that of DISCUSSION
polylysine. With POPC, only GR10)and GRmas)increased Steady-state DPH anisotropy has been widely used to
slightly, indicating a modest effect on only those laurdan measure lipid order29, 52) and specifically reports on
molecules in a restricted (gel-like) environment (Figure 7). phospholipid acyl chain dynamic8& 53). Increases in
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Ficure 8: (A) Excitation GP values of laurdan in DMPG as a
function of cuvette temperature faggregated at pH 7 for 2 days
(® and @) or a PBSA (pH 7) control¢ and O) was added to
phospholipid vesicles. The final®and phospholipid concentrations
were 18.5 and 250M, respectively. Excitation GPs were calculated
using excitation wavelengths of 41@ (and O) and 340 nm

(® and ©). GP values are wavelength-dependent in the liquid-
crystalline phase but independent in the gel phd&p (vhich is
seen experimentally. Each data point is the average of two

measurements. Other data sets were taken with similar results, bu

are not shown for clarity. (B) GR10)for controls was subtracted
from GRmu10)for AB samples to highlight the point that the effect
of Ap on laurdan is restricted to the pretransition and transition
regime. Qualitatively similar results were obtained for emission GPs,
and with DMPC (not shown).
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studies were performed with/A25—35), which has a net
charge of+1 at neutral pH, and/or at low ionic strength;
indeed, the electrostatic interaction was abolished by raising
the ionic strength to 100 mM56). All our studies were
carried out at physiological ionic strength with the full-length
A[(1—-40) peptide (calculated net charge 68 at neutral
pH). We conclude that A association with lipid bilayers,
leading to a decrease in membrane fluidity, occurs indepen-
dently of headgroup charge.

To further define the extent to which3affects membrane
physical properties, we employed two additional membrane-
embedded fluorescent dyes: TMA-DPH and laurdan. Lau-
rdan and DPH yield topographically distinct information
about the packing and order of the lipid headgroups and tails,
respectively (Figure 143). We observed little to no effect
of A on TMA-DPH anisotropy, consistent with results in
human cortex homogenate8).( This is likely due to the
diminished effect of & at the interface as well as to the
location and properties of the dye. The trimethylamino
modification anchors the DPH dye, restricting its angular
reorientation and increasing basal anisotropi#s Figure
4 vs 7). TMA-DPH also partitions into the more fluid regions
of the bilayer 68); TMA-DPH may migrate away from any
rigid areas induced by A In contrast, DPH and laurdan
partition equally between the phaséd,(59).

Results with control solutions of polylysine and BSA
imply that shifts in laurdan fluorescence spectra are indicators
of association of protein and/or polypeptide with the
membrane surface, primarily due to chargharge inter-
actions. Both polylysine (with anionic lipids) and BSA (with
cationic lipids) interacted strongly with lipid headgroups, as
detected by large changes in laurdan GPs, without affecting
the motion of acyl chains in the interior, as indicated by the

gack of change in DPH anisotropy. Aggregated Behaved

in a qualitatively different manner. In several cases, no effect
on laurdan GPs was observed. In those cases where an
increase in laurdan GP values was observed, the magnitude
of the increase was only a small fraction of that observed
with polylysine or BSA. In all these cases, however,
aggregated A caused a significant increase in DPH anisot-

steady-state DPH anisotropy can be attributed to (a) greateropy. These data imply that aggregatef iteracts with
molecular order of lipids surrounding DPH and a consequent membranes in a manner quite distinct from that of polylysine

slowing in DPH rotational diffusion or (b) changes in DPH
fluorescence lifetime37, 45). Since the DPH fluorescence
lifetime was unaffected by aggregated,Ave have good

or BSA, and that substantial stable binding of £o the
surface is not required for loss of acyl chain mobility in the
interior. We speculate that®Ppreferentially becomes buried

evidence that the increased anisotropy is due to changes irin the membrane interior and restricts angular motion of the

local mobility of the lipid tail (decrease in membrane fluidity)

rather than changes in the microenvironment of the dye (e.g.,

water penetration into the bilayer interior). Lipid peroxidation
reportedly decreases the fluorescence lifetime of DPH
embedded in rat cardiac mitochondrial membrabsds (This
supports our previous conclusion that lipid peroxidation is
not primarily responsible for our observed changes in
membrane fluidity §).

acyl chains (possibly due to crowding effects and/or f-A
acyl chain association), but has little to no substantial
localization at the membrane surface.

The inability of AS to affect membrane fluidity in the gel
phase suggests thafgAcannot intercalate into more rigid,
well-ordered bilayers. Similar behavior has been observed
in other peptide/lipid system$&Q). It is interesting to contrast
Ap with cholesterol: both increase DPH anisotropy in the

We demonstrate that equivalent changes in membraneliquid-crystalline phase, but only cholesterol decreases an-

fluidity occur upon contacting aggregateg Avith cationic,
anionic, and zwitterionic lipids. This result indicates that
specific charge charge interactions between aggregat@d A
and lipid headgroups are not required to facilitate the

isotropy in the gel phasé1). The laurdan results in DMPC
and DMPG vesicles provide further hints that Aggregates
cannot intercalate into gel phase lipid bilayers. The greatest
effects were observed nedr, where AS slightly but

observed decrease in fluidity. This result contrasts with other consistently increased the GP values, especially GPs associ-

reports indicating that Ainteracts preferentially with acidic
lipids (55—57). With the exception of reb6, these other

ated with a gel-like microenvironment. However, the effect
of ApB at the hydrophobic core, as evidenced by DPH
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anisotropy, was still muted until the temperature was The relevance of the observed effects @f énh membrane

sufficiently higher than th@,,. We speculate that this reflects  structure to AD pathology is unknown. Eckert et &6

a progressive insertion of/fAaggregates into the hydrophobic report that fluidity of hippocampal membranes in AD brains

center as the membrane becomes more fluid. is reduced, and decreases in mitochondrial membrane fluidity
We utilized DSC to independently verify that3Adoes were greater in AD patients than in age-matched controls

not change the lipid phase-transitidn or AH (Figure 5). (67). Regulation of membrane fluidity is important for proper

The effect of proteins on the thermotropic phase behavior functioning of integral membrane proteins and signal trans-

of a lipid bilayer is a function of the association mechanism. duction pathways. For example, decreased membrane fluidity

For example, polylysine strongly associates with the surface disrupts the CCK recepteiG protein complex in rat cortical

of anionic lipids and increaséls, andAH (62). In contrast, membranes@8) and alters N&/K*-ATPase activity in dog

insertion proteins typically have no effect 8y and decrease  brain synaptosomal plasma membran@3).(To ascertain

AH only at high protein:lipid ratios§2). Protein and/or  whether the observed physical changes in membrane structure

peptide penetration into membranes can occur independentlyhave important biological outcomes relevant to AD, it will

of lipid headgroup charge68), and integral membrane be necessary to show impairment of neuronal functioning

proteins induce marked effects on local membrane organiza-as a consequence offAnediated decreases in cell membrane

tion with only minor effects on phase behavi@4). Thus, fluidity.

the pattern observed with/As characteristic of other peptide

and/or protein/membrane systems in which the dominant ACKNOWLEDGMENT
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