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ABSTRACT: The â-amyloid peptideâAP(1-40), a 40-amino acid residues peptide, is one of the major
components of Alzheimer’s amyloid deposits.âAP(1-40) exhibits only a limited solubility in aqueous
solution and undergoes a concentration-dependent, cooperative random coila â-structure transition for
Cpep > 10 µM [Terzi, E., Hölzemann, G., and Seelig, J. (1995)J. Mol. Biol. 252,633-642]. In the
presence of acidic lipid, the equilibrium is shifted further towardâ-structured aggregates. We have now
characterized the lipid-peptide interaction using circular dichroism (CD) spectroscopy, lipid monolayers,
and deuterium and phosphorus-31 solid-state nuclear magnetic resonance (NMR). CD spectroscopy
revealed a distinct interaction betweenâAP(1-40) and negatively charged unilamellar vesicles. In addition
to the random coila â-structured aggregate equilibrium at low lipid-to-peptide (L/P) ratios, aâ-structure
f R-helix transition was observed at L/P> 55. âAP(1-40) was found to insert into acidic monolayers
provided the lateral pressure was low (20 mN/m). The extent of incorporation increased distinctly with
the content of acidic lipid in the monolayer. However, at a lipid packing density equivalent to that of a
bilayer (lateral pressureg 32 mN/m), no insertion ofâAP(1-40) was observed. The lipid molecular
structure in the presence ofâAP(1-40) was studied with NMR. Phosphatidylcholine (PC) was selectively
deuterated at the choline headgroup and at thecis-double bond of the oleic acyl chain and mixed with
phosphatidylglycerol (PG). Phosphorus-31 NMR showed that the lipid phase retained the bilayer structure
at all lipid-to-protein ratios. Deuterium NMR revealed no change in the headgroup conformation of the
choline moiety or in the flexibility and ordering of the hydrocarbon chains upon the addition ofâAP-
(1-40). It can be concluded thatâAP(1-40) binds electrostatically to the outer envelope of the polar
headgroup region without penetrating between the polar groups. The data suggest a new mechanism of
helix formation induced by the proper alignment of five positive charges ofâAP(1-40) on the negatively
charged membrane template.

Alzheimer’s disease is the predominant form of senile
dementia and is characterized by neuritic plaques and
cerebrovascular amyloid deposits. The core of the senile
plaques consists of amyloid fibrils that give an X-ray
diffraction pattern typical of ordered but not formally
crystallineâ-sheet structures. The major component of the
amyloid core is theâ-amyloid peptide (âAP),1 a 39-43-
residue polypeptide that is a cleavage product of a larger
transmembrane amyloid precursor protein, APP (1-3).
Soluble, monomericâAP appears to be a normal constitu-

ent of cerebrospinal fluid at subnanomolar concentrations
(4-6). At higher concentrations under proper conditions of
pH and salt concentration,âAP self-assembles into fibrils.
In Vitro studies with cell cultures have demonstrated that
fibrillar âAP is toxic to neurons while monomericâAP is
not. The ‘â-amyloid hypothesis’ thus states that the excess
deposition ofâAP is somehow responsible for observed
neurodegenerative changes observedin ViVo (7-9).

However, the action mechanism ofâAP and the causative
role of âAP fibrils in particular are still obscure. Evidence
in favor ofâAP binding to several cell surface receptors has
been presented. The serpin-enzyme complex receptor
recognizes soluble, nontoxicâ-amyloid peptide but not
aggregated cytotoxicâ-amyloid peptide (10, 11). It does
not mediate the cytotoxic effect of aggregatedâAP but could
play a protective role by mediating clearance and catabolism
of monomeric, solubleâAP. Selective binding ofâAP
fragments to the NK-1 tachykinin receptor has also been
reported (12), but others have failed to show such interactions
(13). Likewise, several studies have indicated the possibility
that intracellular uptake ofâAP is part of the toxic process.
On the other hand, the majority of experimental data argue
against an active accumulation ofâAP in cells that are
sensitive to the peptide (1).
Again another action mechanism ofâAP is its ability to

induce ionic conductance in lipid model membranes (14-
16). Evidence has also been shown thatâAP disrupts
membranes containing acidic lipids (17, 18) and that the
C-terminal domain ofâAP has fusogenic properties (19).
Whether or not the disruption of the cell membrane or the
incorporation ofâAP into the lipid bilayer could explain the
observed neurotoxic effects has yet to be determined.
No high-resolution structure of amyloid-like plaques is

available; in fact, the existence of a single, homogeneous
structure is rather improbable (20). X-ray diffraction patterns
of amyloid-like plaques reveal repeating structures that are
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usually interpreted in terms of antiparallel peptide chains
forming a â-pleated sheet. This is supported by X-ray
diffraction studies ofâAP fibrils derived from variousâAP
fragments (21). However, theâ-sheet structure derived from
globular proteins may bear little resemblance to the amyloid
secondary structure (20). Distance measurements with solid-
state NMR have revealed an unusual structure, probably
involving a cis-amide bond, in aggregatedâAP model
peptides (22). This structure is incompatible with the
conventional cross-â-fibrillar structure derived from silk and
usually implied for amyloid-like plaques.

By definition, amyloid-like plaques are insoluble in water.
Many spectroscopic studies have thus been performed in the
presence of nonpolar solvents, using either trifluoroethanol
(TFE)/water mixtures or sodium dodecyl sulfate (SDS)
micelles (23-25). Under these conditions,âAP and most
of its fragments are monomeric and adopt an at least partially
R-helical conformation. Since TFE and SDS are considered
as membrane-mimicking solvents, it has thus been suggested
that âAP and some of its fragments penetrate into lipid
membranes asR-helical monomers. In particular, the
fragment âAP(25-35) has been suggested to be highly
lipophilic and to insert into the membrane hydrophobic core
(26). Other peptides have been predicted to insert in an
oblique way into the lipid membrane or parallel or perpen-
dicular to it (19).

The peptide conformation in TFE/water and SDS/water
mixtures must be contrasted with that in the absence of
organic solvents.âAP and some of its fragments exhibit a
limited solubility in the micromolar range (in the absence
of salt). 1H-NMR (27) and CD spectroscopy (28-30)
demonstrate that the conformation ofâAP in the aqueous
phase is different from theR-helical conformation induced
by TFE or SDS. The1H-NMR data ofâAP(1-25) NH2
indicate a flexible structure with several turns and at least
two short strands (27). Likewise, CD spectra ofâAP(1-
40) andâAP(25-35) reveal a random coil structure at low
peptide concentrations (Cpep< 30µM) and a concentration-
dependent random coila â-structured aggregate transition
at higher concentrations (28, 30). The latter transition can
be influenced by the presence of lipid membranes. At a
given peptide concentration, the addition of negatively
charged lipid vesicles shifts the conformation from random
coil to 40-60%â-structure (29, 30).

Different experimental procedures thus induce different
âAP structures, i.e., (i)R-helical conformation in TFE and
SDS micelles, (ii) essentially random coil structure with
â-turns in aqueous solution at low peptide concentrations,
and (iii) â-structured aggregates in solution and in contact
with lipid membranes. Since the interrelationship between
theR-helical conformation in membrane-mimicking solvents
and the potential ofâAP to penetrate into lipid membranes
is not clear, we have investigated this problem with different
physical-chemical techniques. We have measured the
conformational changes ofâAP as a function of the lipid
concentration and composition with CD spectroscopy. Using
the monolayer technique, we have quantitatively character-
ized the penetration ofâAP into neutral and charged lipid
monolayers at different surface pressures. Finally, the effect
of âAP on the lipid molecular structure was monitored with
solid-state deuterium and phosphorus-31 NMR in combina-
tion with selectively deuterated lipid molecules.

MATERIALS AND METHODS

Materials. âAP(1-40) was purchased from Saxon Bio-
chemicals GmbH (Hannover, Germany). The purity of the
peptide was checked by HPLC (better than 97% purity). The
peptide has the amino acid sequence:

Its structure was confirmed by electrospray mass spectrom-
etry. Lyophilized peptide was dissolved in the appropriate
amount of 10 mM MOPS or Tris buffer at pH 7.4. The
peptide solutions were equilibrated by stirring for 1-2 h at
room temperature.
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)

and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
(POPG) were purchased from Avanti Polar Lipids (Birming-
ham, AL) and used without further purification.
For NMRmeasurements, POPC was selectively deuterated

at theR or â segment of the choline headgroup as described
previously (31). The following nomenclature for the head
group segments was used:

1-palmitoyl-2-[9′,10′-2H2]oleoyl-sn-glycero-3-phosphocho-
line ([9′,10′-2H2]-POPC) was prepared as described by Seelig
and Waespe-Sarcevic (32).
Preparation of Lipid Samples.For CD experiments, small

unilamellar vesicles of∼30 nm diameter were prepared as
follows. POPC and POPG were dissolved in chloroform (20
mg/mL) and were mixed in the appropriate molar ratio. The
solvent was evaporated under a nitrogen stream leading to a
thin lipid film, which was dried under vacuum overnight.
Buffer was added to the dry lipid film (∼40 mg) leading to
a final lipid concentration of∼55 mM. The lipid dispersion
was vortexed and then sonicated under a nitrogen atmosphere
for about 10 min (at 10°C) until an almost clear solution
was obtained. Metal debris from the titanium tip was
removed by centrifugation in an Eppendorf centrifuge at
14000 rpm for 5 min.
For NMR measurements, deuterated POPC and non-

deuterated POPG were mixed in chloroform in the appropri-
ate molar ratio (total of 10 mg of lipid). The organic solvent
was evaporated under nitrogen, and the resulting thin film
of lipid was dried under vacuum overnight. The lipids were
dispersed in 10 mL (or 1.1 mL) of buffer containing the
appropriate amount ofâAP(1-40) added as aliquots from a
25 µM (or 0.1 mM) stock solution. Multilamellar vesicles
were formed by vortexing and eight freeze-thaw cycles. The
samples were centrifuged for 2 h at120000g. The pellets
were used for2H- and31P-NMR.
Circular Dichroism Spectroscopy.CD measurements

were carried out on a Jasco J720 spectropolarimeter. All
measurements were performed at room temperature. The
path length of the quartz cell was 1 mm or 0.1 mm. All
spectra were corrected by subtracting the buffer baseline.
For membrane-binding studies, sonified unilamellar vesicles

of defined lipid composition were added to a buffered peptide
solution and were measured after 10-min equilibration time.
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The secondary structures of the peptide was estimated from
spectral simulations based on reference CD spectra of Yang
et al. (33), included in the Jasco J720 software. Results are
expressed in terms of mean residue ellipticity [Θ]MR (deg
cm2 dmol-1).
NMR Measurements.All spectra were recorded on a

Bruker-Spectrospin MSL 400 spectrometer operating at a
frequency of 61.4 MHz for2H-NMR and 162 MHz for31P-
NMR. For the deuterium NMR measurements, the quad-
rupole echo technique was employed with full-phase cycling.
The 90° pulse was 4.45µs, the interpulse delay was 45µs,
and the recycle delay 250 ms. The spectral width was 50
kHz for headgroup studies and 125 kHz for studies of the
hydrocarbon region.
The 31P spectra were recorded using the Hahn-echo

sequence with gated proton decoupling and phase cycling.
The 90° pulse was 2.55µs, the echo spacing was 45µs, the
recycle delay was 2 s, and the spectral width was 50 kHz.
The chemical shielding anisotropy was measured between
the edges of the spectrum at half-height of the low-field
shoulder. The error was estimated to be(1 ppm.
Monolayer Measurements.The surface pressure was

measured by the Wilhelmy method, using a monolayer
apparatus consisting of a round Teflon trough with a total
area of 362 cm2 divided into eight compartments (Type
RMC2-T, Mayer Feintechnik, Go¨ttingen, FRG) (34). A
mixed POPC/POPG or pure lipid monolayer was formed by
spreading a lipid solution inn-hexane/ethanol (9/1, v/v) onto
the aqueous phase. The monolayer was stabilized at a preset
surface pressure, which was kept constant throughout the
experiment by an electronic feedback system. Small amounts
of a 0.1 mM stock solution ofâAP(1-40) were injected into
the buffer subphase. Measurements were performed at room
temperature.

RESULTS

Circular Dichroism Spectroscopy ofâAP(1-40). âAP-
(1-40) dissolved in buffer (pH 7.4) at concentrations below
25 µM adopts a random coil conformation. Increasing the
peptide concentration from 25 to 100µM leads to a
cooperative random coila â-structure transition (30). In
contrast, anR-helical structure is induced ifâAP is dissolved
in organic solvents such as trifluoroethanol or if incorporated
into micelles (SDS, octylglucoside) (23-25). Again a
different situation is encountered with lipid membranes.
Addition of charged POPC/POPG vesicles (75/25) (but not
neutral POPC vesicles) to solutions ofâAP(25-35) and
âAP(1-40) in the random coil conformation induced a
transition to aâ-structure (29, 30). A similar random coil
a â-structure transition was observed in the present study
upon addition of pure POPG vesicles to a solution ofâAP-
(1-40). As shown in Figure 1, a 25µM âAP(1-40)
solution was titrated with sonified POPG vesicles (55 mM).
In the initial titration steps, the addition of POPG induces
first a random coila â-structure transition. At a lipid-to-
peptide molar ratio of∼11 (Figure 1, curve 2), theâAP-
(1-40) CD spectrum reveals a structure with about 40-
60% â-sheet content. TheR-helix content is negligible.
However, upon further addition of sonified POPG vesicles,
a second change in the CD spectra can be noted, indicating
the formation of anR-helical structure (Figure 1, curves
3-5).

Figure 2 summarizes the variation of theR-helix content
with the lipid-to-protein ratio as reflected in the change in
CD intensity at 212 nm. For pure POPG vesicles, the
â-structurea R-helix transition starts at L/P≈ 11 and is

FIGURE 1: Lipid-induced conformational change ofâAP(1-40)
dissolved in 10 mM Tris at pH 7.4. A 25µM âAP solution was
titrated with sonified unilamellar vesicles of POPG 100% (lipid
concentration: 55 mM). The CD spectra correspond to different
molar lipid-to-peptide ratio. Curve 1, L/P) 0; 2, 11; 3, 22; 4, 55;
5, 110.

FIGURE 2: Lipid-inducedâ-sheet toR-helix transition ofâAP(1-
40). The ellipticity increase at 212 nm is shown as a function of
the molar lipid-to-peptide ratio.âAP(1-40) (at a concentration of
25µM in 10 mM Tris pH 7.4) was titrated with sonified unilamellar
vesicles of POPG 100% (b) and of POPC/POPG (75/25 mol/mol)
(O) (lipid concentration: 55 mM).
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finished within a narrow interval. A maximum of∼39%
R-helix is reached at a lipid-to-peptide molar ratio of 165.
The remaining structural elements are 29%â-turn and 32%
random coil as judged from computer simulations of the CD
spectra.
For POPC/POPG (75/25) vesicles, which mimick more

closely the electric charge density of biological membranes
than pure POPG vesicles, theR-helix content rises gradually
for L/P> 55. At a lipid-to-peptide molar ratio of 440, about
the same maximumR-helix content is obtained as with pure
POPG vesicles at L/P) 165.
Insertion Studies ofâAP(1-40) Using Lipid Monolayers.

Lipid monolayers have proven to be a sensitive tool to study
lipid-peptide and lipid-protein interactions (35, 36). The
method can be employed with the lipid film kept at constant
area or at constant pressure. In the second mode, as
employed here, the monolayer pressure is kept constant at a
preset value by an electronic feedback system, and the area
increase upon peptide penetration is recorded with a movable
barrier. The area increase is proportional to the number of
penetrating molecules.
Monolayers were formed by spreading a lipid solution of

defined POPC/POPG composition in hexane/ethanol (9:1 v/v)
onto the buffer phase at pH 7.4. A small amount of aâAP-
(1-40) stock solution was injected into the subphase,
yielding a peptide concentration of 0.5µM. The resulting
area change,∆A, upon peptide penetration was recorded.
Figure 3 displays the time course of the area increase,∆A,
for two monolayers with different contents of negatively
charged lipid at a pressure of 20 mN/m. The insertion of
âAP(1-40) is a rather slow process for both monolayers.
This is in contrast to most other drugs and peptides that have
been studied so far (cf. refs 37 and 38). For the POPC/
POPG (37.5/62.5) membrane, a plateau value is reached after
about 2 h, and the relative area increase,∆A/A is about 10%

(cf. Table 1). For a pure POPG monolayer the area
expansion was more pronounced; however, no stable plateau
was reached within the measuring period of∼3 h.
Figure 4 summarizes the insertion ofâAP(1-40) (0.5µM)

into mixed POPC/POPG monolayers (at 20 mN/m) as a
function of the PG content. In the range of 0-50% POPG,
the incorporation of peptide is weak but increases almost
exponentially above 50% POPG content.
A lateral pressure of 20 mN/m corresponds to a rather

loose packing of the phospholipids, comparable to that in a
micelle. Micellar solutions of sodium dodecyl sulfate and
octylglucoside have indeed been shown to interact withâAP-
(1-42) and to induce conformational changes of the peptide
(39). A lateral pressure of 20 mN/m is, however, distinctly
lower than the monolayer-bilayer equivalence pressure,
which has been established as 32 mN/m by several methods
(37). At this pressure, the lipid packing density in the
monolayer is assumed to be comparable to that in the bilayer.
We have therefore performed additional measurements at 32
mN/m. The time course forâAP(1-40) penetration into a
POPC/POPG (75/25) monolayer is included in Figure 3, and
further data are Summarized in Table 1. It can be concluded
thatâAP(1-40) cannot penetrate into mixed POPC/POPG

FIGURE 3: Area increase,∆A, of lipid monolayers induced by the
insertion ofâAP(1-40) (0.5µM) as a function of time (measuring
temperature 22( 1 °C). The monolayers were spread on buffer
solution (10 mM Tris buffer adjusted to pH 7.4. (‚‚‚) 100% POPG
monolayer compressed at a lateral pressure of 20 mN/m. (- - -)
POPC/POPG (37.5/62.5 mol/mol) monolayer at 20 mN/m. (s)
POPC/POPG (75/25 mol/mol) monolayer at 32 mN/m.

Table 1: Relative Area Increase (∆A/A) Measured at Different
Surface Pressures and for Various Lipid Compositions

lipid composition
(mol/mol)

surface pressure
(mN/m)

∆A/A
(%)

peptide
conc (µM)

POPC 100% 20 4.8 0.5
POPC/POPG (75/25) 20 4.0 0.5
POPC/POPG (50/50) 20 4.8 0.5
POPC/POPG (50/50) 20 9.2 0.5
POPC/POPG (37.5/62.5) 20 10.6 0.5
POPC/POPG (31/69) 20 21.3 0.5
POPC/POPG (25/75) 20 39.1 0.5
POPG 100% 20 >43.1 0.5
POPC/POPG (25/75) 24 0 0.5
POPC/POPG (50/50) 32 0 0.5
POPC/POPG (75/25) 32 0 7.9

FIGURE 4: Relative area increase∆A/A due to insertion ofâAP-
(1-40) (0.5µM) as a function of negatively charged lipid content.
The monolayer was kept at a constant lateral pressure of 20 mN/m
and was spread on 10 mM Tris buffer at pH 7.4.
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monolayers when pressurized at the monolayer-bilayer
equivalence pressure even at high content of POPG. This
provides a first evidence thatâAP(1-40) may not insert
spontaneously into lipid bilayers and that a micellar environ-
ment is a rather poor model system to studyâAP-lipid
bilayer interactions.
Deuterium and Phosphorus-31 Magnetic Resonance.The

interaction ofâAP(1-40) with the phospholipid molecules
was studied with phosphorus-31 and deuterium magnetic
resonance. The phosphorus-31 NMR spectra (not shown)
had the shape and the quantitative parameters previously
reported for multilamellar phospholipid dispersions (40, 41).
The maximum chemical shielding anisotropy was-45.7 ppm
and was identical with and withoutâAP(1-40) at lipid-to-
protein ratios between 55 and 400. It was also not possible
to distinguish between the PC and the PG headgroups.
In a second type of experiment, POPC was selectively

deuterated at theR- or â-segment of the choline headgroup
and was mixed with non-deuterated POPG. Multilamellar
lipid dispersions were formed with and withoutâAP(1-40)
in the dispersing buffer (cf. Materials and Methods). Figure
5 shows deuterium NMR spectra ofR-CD2-POPC/POPG (75/
25 mol/mol) membranes withoutâAP(1-40) (panel A) and
at a lipid-to-protein ratio of 55 (panel B). Almost identical
spectra are obtained. The central isotropic resonance is
caused by the natural abundance of deuterium in water.
Otherwise, the deuterium NMR spectra are characteristic of
liquid-crystalline bilayers in which the headgroups execute
rotationally symmetric motions around the bilayer normal

(42). The characteristic parameter of these spectra is the
quadrupole splitting∆νQ as defined by the separation of the
most intense peaks in the spectrum.∆νQ is a measure of
the ordering and average orientation of the labeled headgroup
segment. Inspection of Figure 5 reveals very similar
quadrupole splittings with and withoutâAP(1-40). Identical
results were obtained for other L/P ratios and also forâ-CD2-
POPC/POPG (75/25 mol/mol) membranes. The membrane
composition and the corresponding quadrupole splittings are
summarized in Table 2. Taken together, the deuterium and
phosphorus-31 NMR data demonstrate thatâAP(1-40) is
not involved in direct molecular interactions with the POPC
headgroup.
This result is surprising since previous investigations have

shown that the quadrupolar splittings of the choline head-
group are very sensitive to the presence of charged species
such as ions (43-45), local anesthetic and drugs (46-48),
charged phospholipids and surfactants (49-51), and peptides
(52-54). The effect of charge on the choline headgroups
causes a reorientation of the choline dipole (55). The only
known exception is pentalysine, which shows no effect on
the PC headgroup splittings in mixed PC/PS membranes (56).
The binding of Lys5 is purely electrostatic and could serve
as a model to explain the present data withâAP(1-40) (cf.
below).
Finally, we have also investigated the effect ofâAP(1-

40) on the hydrocarbon chain region of the lipid bilayer by
employing POPC deuterated at thecis-double bond of the
unsaturated hydrocarbon chain. Addition of cholesterol (57)
or amphiphilic drugs that penetrate into the lipid membrane
(48) lead to distinct changes in the quadrupole splittings of
the cis-double bond. In the presence ofâAP(1-40), no
change in the quadrupole splittings was observed (cf. Table
2). It should be noted that quite different quadrupole
splittings are observed for the C-9 and the C-10 segment of
oleic acyl chain, but both splittings remained approximately
constant upon the addition ofâAP(1-40). Deuterium NMR
thus demonstrates thatâAP(1-40) does not penetrate into
the bilayer interior, supporting the monolayer results.

DISCUSSION

The interaction ofâAP(1-40) with lipid monolayers and
lipid bilayers follows a surprising pattern, and the results
obtained with different techniques appear to be contradictory
at first sight. CD spectroscopy provides evidence for a
conformational change of the peptide molecules induced by
negatively charged lipid vesicles. In contrast, deuterium and
phosphorus NMR reveal no conformational change of the
lipid molecules in the presence ofâAP(1-40), neither at

FIGURE 5: Deuterium NMR spectra of POPC/POPG (75/25 mol/
mol) multilamellar liposomes without (A) and with (B)âAP(1-
40). POPC was deuterated at theR-segment of the choline moiety
(-NCH2-CD2OP-). The molar lipid-to-protein ratio in panel B was
55. Almost identical spectra were obtained at L/P ratios of 200
and 440. The multilamellar vesicles were prepared in MOPS buffer
at pH 7.4. The sharp isotropic line results from natural abundance
deuterium in water. The quadrupole splitting in the presence of
âAP(1-40) was 9.3( 0.2 kHz; that in the absence of peptide was
8.9( 0.2 kHz.

Table 2: Quadrupole Splitting∆νQ Deduced from2H-NMR Spectra
of Mixed POPC/POPG Vesicles with and withoutâAP(1-40)

lipid composition (mol/mol)
lipid-to-peptide
ratio (mol/mol)

quadrupole splitting
∆νQ (kHz)

R-CD2-POPC/POPG (75/25) no peptide 8.9
R-CD2-POPC/POPG (75/25) 55 9.4
R-CD2-POPC/POPG (75/25) 200 9.2
R-CD2-POPC/POPG (75/25) 400 9.3
R-CD2-POPC/POPG (50/50) no peptide 10.1
R-CD2-POPC/POPG (50/50) 440 10.3
â-CD2-POPC/POPG (75/25) no peptide 2.4
â-CD2-POPC/POPG (75/25) 440 2.4
9′,10′-d2-POPC/POPG (75/25) no peptide (9′)13.0 (10’)1.9
9′,10′-d2-POPC/POPG (75/25) 440 (9′)13.1 (10′)2.1
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the level of the headgroups nor in the hydrophobic membrane
interior. Finally, âAP(1-40) interacts with negatively
charged monolayers only at a low packing density of the
lipids but not under conditions equivalent to those of a lipid
bilayer.
Alzheimer’sâAP peptides exhibit only a modest surface

activity (58). In the case ofâAP(1-40), the surface tension
of water is reduced linearly from 72 to 60 mN/m up to a
peptide concentration of 25µM. A further increase in
peptide concentration does not reduce the surface tension
but leads to peptide aggregation (58). The rather weak
surfactant properties ofâAP(1-40) are consistent with the
monolayer and NMR data described above.
The present results appear, however, to be in contrast with

single channel recordings ofâAP(1-40) in model mem-
branes, which provide evidence for ion-selectiveâAP(1-
40) channel (14-16). For a critical evaluation of these
results, it should be noted that the model membranes
contained decane and thus were characterized by a consider-
ably softer packing. The monolayer equivalence pressure
of such a membrane is distinctly lower than that of a bilayer
without organic solvent. Moreover, the peptide was first
incorporated into a suspension of pure phosphatidylserine
liposomes that were fused with the bilayer upon addition of
CaCl2. Thus, atrans-membrane orientation ofâAP(1-40)
cannot be excludeda priori, but the insertion appears to
require specific catalytic conditions.
Monolayer, NMR, and surface activity studies argue

against a spontaneous penetration ofâAP(1-40) into the
lipid bilayer. On the other hand, conformational changes
of âAP(1-40) are observed upon the addition of lipid
vesicles and must be caused by peptide-membrane interac-
tions at the bilayer surface. Negatively charged phospho-
lipids are crucial to change the peptide conformation,
attesting to a mainly electrostatic interaction between the
peptide and the lipid bilayer.
All experiments were performed at physiological pH but

at a low ionic strength. At higher NaCl concentrations, the
peptide-lipid interactions were found to be screened. The
CD experiments are, however, in agreement with recent data
of McLaurin and Chakrabartty at pH 6.0 and 120 mM NaCl/
50 mM sodium phosphate (18). Apparently a small shift in
pH is sufficient to increase the electric charge ofâAP(1-
40) such that electrostatic interactions remain dominant.
Using CD spectroscopy, it is possible to distinguish two

well-defined equilibria for humanâAP(1-40) upon titration
with mixed POPC/POPG (75/25) vesicles. The CD spectra
reveal first a random coila â-structured aggregate equi-
librium that is followed by a transition to anR-helical
structure, the latter at a lipid-to-protein ratio>55. The
random coila â-structure equilibrium has been discussed
previously and can be described quantitatively by a coopera-
tive two-state equilibrium (30). The lipid-inducedâ-structure
f R-helix transition has not been observed before. If pure
POPG vesicles are employed, theâ-structurea R-helix
transition occurs already at lower L/P ratios (L/P∼ 11) and
is not clearly separated from the random coila â-structure
transition.
Helical structures of AlzheimerâAPs or fragments thereof

have been produced previously with organic solvents and
micellar solutions but not with lipids. NMR measurements
of humanâAP(1-40) in 40% trifluoroethanol (TFE)/water
revealed two short helices, Gln15-Asp23 and Ile31-Met35,

whereas the rest of the peptide was in random coil confor-
mation (24). Analogous NMR and CD studies on theâAP-
(1-28) fragment in 60% TFE showed a longerR-helix from
Tyr10/Glu11 to Ser26, most probably due to the higher TFE
content (59, 60). The fragmentâAP(25-35) adopts an
essentiallyR-helical structure (from Lys28 to Leu34) in SDS
micelles, again as deduced from NMR spectra (25).
TheR-helix content induced by negatively charged phos-

pholipid vesicles is smaller than that in 25-50% TFE. Since
a penetration of the peptide into the membrane interior can
be excluded, the mechanism of helix formation at the
membrane surface must be different from that in organic
solution and micelles. Helix formation is probably triggered
by purely electrostatic interactions sinceâAP(1-40) carries
a total of five positive charges between residues Arg5 and
Lys16. In a helical-wheel representation, these are positioned
on the same face of the helix, facilitating an optimum
electrostatic interaction with the negatively charged mem-
brane. The lipid surface could thus act as a matrix for
R-helix formation aligning the cationic side chains of the
N-terminal parts ofâAP(1-40) in proper order. Since the
peptide does not penetrate into the lipid membrane, the helix
axis must be oriented essentially parallel to the membrane
surface. The C-terminal part retains a nonstructured con-
formation and does also not intercalate between the lipids.
Surprisingly, the electrostatic interaction betweenâAP-

(1-40) and the lipid membrane is not detected with NMR
spectroscopy. The behavior ofâAP(1-40) parallels that of
a small basic peptide pentalysine, Lys5, which binds to
negatively charged membranes by a purely electrostatic
mechanism (61-65). Lys5 exhibits an apparent partition
coefficient of 5× 104 for membranes containing 20% anionic
lipids (64), but the quadrupole splittings of the phosphocho-
line headgroup are not at all changed (56). Based on
deuterium NMR (56) and high-pressure fluorescence studies
(64), it was thus concluded that Lys5 binds only to the outer
envelope of the lipid headgroups. A similar binding site can
be envisaged forâAP(1-40). TheR-helical part ofâAP-
(1-40) must be positioned at the periphery of the lipid
headgroup layer in order to avoid a conformational change
of the lipid headgroups.
The peptide fragmentâAP(25-35) exhibits sequence

homologies with neuropeptides of the tachykinin family such
as substance P (SP) (66, 67). Interestingly, SP and its agonist
(Nle9)SP exhibit a similar physical-chemical behavior as
âAP(1-40) in the presence of lipid membranes. SP and
(Nle9)SP do not penetrate into neutral POPC bilayers or into
POPC monolayers at high lateral pressure (36). However,
in the presence of negatively charged POPG vesicles, both
peptides undergo a concentration-dependent conformational
change. At a low L/P ratio (<30), theâ-sheet structure is
predominant. At high lipid-to-protein ratios (>40), both
peptides adopt the helix conformation.
The functional role ofR-helicalâAP(1-40) is not known.

Using anin Vitro plaque growth assay, the structure of several
âAP fragments was correlated with their functional properties
(27, 68). The fragmentâAP(10-35) NH2 displays the same
activity in plaque growth asâAP(1-40) and is sufficiently
soluble in water for NMR spectroscopy. The plaque
competent conformation ofâAP(10-35) was not helical but
folded (27). By analogy, it is suggested that the active form
of âAP(1-40) is also not helical. In a differentin Vitro
assay, we have shown recently thatâ-structuredâAP(1-
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40) is toxic and that toxicity can be inhibited by molecules
with a large dipole moment (69).
From a theoretical point of view,R-helix formation of

âAP(1-40) at the membrane surface may be considered as
an alternative mechanism in protein folding, different from
the prevailing model of folding proteinsinto membranes
(70-72). In this latter model, the protein partitions into the
lipid water interface, i.e., a layer of reduced dielectric
constant, where it forms a helical structure by hydrogen
bonding within the peptide backbone and may finally achieve
a transbilayer orientation (73). In the case ofâAP(1-40),
the experimental evidence argues against membrane penetra-
tion. The electrostatic restriction of the charged peptide
residues to the outer boundary of the lipid membrane appears
to be sufficient to initiate the process of intramolecular
hydrogen bond formation and helix formation.
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