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ABSTRACT. The S-amyloid peptideBAP(1—40), a 40-amino acid residues peptide, is one of the major
components of Alzheimer’s amyloid deposit8AP(1—-40) exhibits only a limited solubility in aqueous
solution and undergoes a concentration-dependent, cooperative rander gatructure transition for

Cpep > 10 uM [Terzi, E., Hdzemann, G., and Seelig, J. (199%) Mol. Biol. 252,633—-642]. In the
presence of acidic lipid, the equilibrium is shifted further tow@Arsitructured aggregates. We have now
characterized the lipidpeptide 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 betwe@tP(1—-40) and negatively charged unilamellar vesicles. In addition

to the random co#= -structured aggregate equilibrium at low lipid-to-peptide (L/P) ratigss#ructure

— a-helix transition was observed at LA 55. SAP(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 pressure 32 mN/m), no insertion oSAP(1—40) was observed. The lipid molecular
structure in the presence BAP(1—40) was studied with NMR. Phosphatidylcholine (PC) was selectively
deuterated at the choline headgroup and atcteelouble 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 additigiBf

(1—40). It can be concluded th@AP(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 charggiA&f(1—40) on the negatively
charged membrane template.

Alzheimer’s disease is the predominant form of senile  However, the action mechanism@AP and the causative
dementia and is characterized by neuritic plagues androle of AP fibrils in particular are still obscure. Evidence
cerebrovascular amyloid deposits. The core of the senilein favor of AP binding to several cell surface receptors has
plaques consists of amyloid fibrils that give an X-ray been presented. The serpienzyme complex receptor
diffraction pattern typical of ordered but not formally recognizes soluble, nontoxig-amyloid peptide but not
crystallineS-sheet structures. The major component of the aggregated cytotoxig-amyloid peptide 10, 11. It does
amyloid core is thgs-amyloid peptide §AP),! a 39-43- not mediate the cytotoxic effect of aggregaf but could
residue polypeptide that is a cleavage product of a larger play a protective role by mediating clearance and catabolism
transmembrane amyloid precursor protein, ARPJ). of monomeric, solubleAP. Selective binding offAP

Soluble, monomerigAP appears to be a normal constitu- fragments to the NK-1 tachykinin receptor has also been
ent of cerebrospinal fluid at subnanomolar concentrations reported {2), but others have failed to show such interactions
(4—6). At higher concentrations under proper conditions of (13). Likewise, several studies have indicated the possibility
pH and salt concentratiofAP self-assembles into fibrils.  that intracellular uptake g8AP is part of the toxic process.

In sitro studies with cell cultures have demonstrated that On the other hand, the majority of experimental data argue
fibrillar SAP is toxic to neurons while monomer@AP is  against an active accumulation AP in cells that are
not. The 8-amyloid hypothesis’ thus states that the excess Sensitive to the peptidei.

deposition of AP is somehow responsible for observed  Again another action mechanism AP is its ability to
neurodegenerative changes observedivo (7—9). induce ionic conductance in lipid model membrang4—

16). Evidence has also been shown th&P disrupts
membranes containing acidic lipidé74, 18 and that the
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propanesulfonic acid; POPC, 1-palmitoyl-2-olesptglycero-3-phos- ; i ; ;
phocholine; POPG, 1-palmitoyl-2-oleoghglycero-3-phosphoglycerol; aglall?ble,' n IﬁCt’.the eb)(litlgnce;f a 3{;9'6,{ homot?eneous
TFE, trifluoroethanol; CD, circular dichroism; NMR, nuclear magnetic  Structure is rather improbabl2@). X-ray diffraction patterns

resonance. of amyloid-like plaques reveal repeating structures that are
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usually interpreted in terms of antiparallel peptide chains MATERIALS AND METHODS
forming a S-pleated sheet. This is supported by X-ray
diffraction studies ofAP fibrils derived from variougAP
fragments21). However, thes-sheet structure derived from
globular proteins may bear little resemblance to the amyloid
secondary structur@(). Distance measurements with solid-
state NMR have revealed an unusual structure, probablypAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIG-
involving a cisamide bond, in aggregatedAP model LMVGGVV
peptides 22). This structure is incompatible with the

conventional crosg-fibrillar structure derived from silk and  Its structure was confirmed by electrospray mass spectrom-
usually implied for amyloid-like plaques. etry. Lyophilized peptide was dissolved in the appropriate

By definition, amyloid-like plaques are insoluble in water. @mount of 10 mM MOPS or Tris buffer at pH 7.4. The
Many spectroscopic studies have thus been performed in the?ePtide solutions were equilibrated by stirring forh at

L : temperature.
presence of nonpolar solvents, using either trifluoroethanol "0°M €M _
(TFE)/water mixtures or sodium dodecyl sulfate (SDS) 1-Paimitoyl-2-oleoylsnglycero-3-phosphocholine (POPC)

micelles @3—25). Under these condition§AP and most ~ and  1-palmitoyl-2-oleoybrrglycero-3-phosphoglycerol

of its fragments are monomeric and adopt an at least partially(POPG) were purcha;ed from Avant qugr L'|p|ds (Birming-
a-helical conformation. Since TFE and SDS are considered @M. AL) and used without further purification.

as membrane-mimicking solvents, it has thus been suggested F0" NMR measurements, POPC was selectively deuterated
that BAP and some of its fragments penetrate into lipid at th?a or g segment of the_chollne headgroup as described
membranes asx-helical monomers. In particular, the previously 81). The following nomenclature for the head

fragment SAP(25-35) has been suggested to be highly group segments was used:

Materials. SAP(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:

lipophilic and to insert into the membrane hydrophobic core o
(26). Other peptides have been predicted to insert in an Il +
oblique way into the lipid membrane or parallel or perpen- - OPOCH,CH,N(CH;);

dicular to it (19). I
The peptide conformation in TFE/water and SDS/water O o B

mixtures must be contrasted with that in the absence of 1-palmitoyl-2-[9,10-2H,]oleoyl-sn-glycero-3-phosphocho-
organic solvents.3AP and some of its fragments exhibit a line ([9',10-2H,]-POPC) was prepared as described by Seelig
limited solubility in the micromolar range (in the absence and Waespe Sarcevic 82).

of salt). 'H-NMR (27) and CD spectroscopy2§-30) Preparation of Lipid SamplesFor CD experiments, small
demonstrate that the conformation @AP in the aqueous  ijamellar vesicles 0f-30 nm diameter were prepared as

phase is different from the-helical conformation induced follows. POPC and POPG were dissolved in chloroform (20
by TFE or SDS. TheH-NMR data of fAP(1-25) NH; mg/mL) and were mixed in the appropriate molar ratio. The

indicate a flexible structure v_vith several turns and at least solvent was evaporated under a nitrogen stream leading to a
two short strands2(7). Likewise, CD spectra ofAP(1— thin lipid film, which was dried under vacuum overnight.
40) andﬁAP(25—35) reveal a random coil structure at low  guffer was added to the dry lipid film~40 mg) leading to
peptide concentration€fe, < 30u4M) and a concentration- 4 fing| lipid concentration of-55 mM. The lipid dispersion
dependent random coi f-structured aggregate transition a5 yortexed and then sonicated under a nitrogen atmosphere
at higher concentration28, 30. The latter transition can o about 10 min (at 10C) until an almost clear solution
be influenced by the presence of lipid membranes. At & a5 ohtained. Metal debris from the titanium tip was
given peptide concentration, the addition of negatively omoved by centrifugation in an Eppendorf centrifuge at
charged lipid vesicles shifts the conformation from random 44000 rpm for 5 min.
coil to 40-60% p-structure 9, 30. For NMR measurements, deuterated POPC and non-
Different experimental procedures thus induce different deuterated POPG were mixed in chloroform in the appropri-
PBAP structures, i.e., (if--helical conformation in TFE and  ate molar ratio (total of 10 mg of lipid). The organic solvent
SDS micelles, (ii) essentially random coil structure with was evaporated under nitrogen, and the resulting thin film
pB-turns in aqueous solution at low peptide concentrations, of lipid was dried under vacuum overnight. The lipids were
and (iii) S-structured aggregates in solution and in contact dispersed in 10 mL (or 1.1 mL) of buffer containing the
with lipid membranes. Since the interrelationship between appropriate amount gfAP(1—40) added as aliquots from a
thea-helical conformation in membrane-mimicking solvents 25 uM (or 0.1 mM) stock solution. Multilamellar vesicles
and the potential gBAP to penetrate into lipid membranes were formed by vortexing and eight freezthaw cycles. The
is not clear, we have investigated this problem with different samples were centrifugedrf@ h at12000@. The pellets
physical-chemical techniques. We have measured the were used fofH- and3P-NMR.
conformational changes @fAP as a function of the lipid Circular Dichroism Spectroscopy.CD measurements
concentration and composition with CD spectroscopy. Using were carried out on a Jasco J720 spectropolarimeter. All
the monolayer technique, we have quantitatively character-measurements were performed at room temperature. The
ized the penetration g§AP into neutral and charged lipid path length of the quartz cell was 1 mm or 0.1 mm. All
monolayers at different surface pressures. Finally, the effectspectra were corrected by subtracting the buffer baseline.
of BAP on the lipid molecular structure was monitored with  For membrane-binding studies, sonified unilamellar vesicles
solid-state deuterium and phosphorus-31 NMR in combina- of defined lipid composition were added to a buffered peptide
tion with selectively deuterated lipid molecules. 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 elliptici®]{ir (deg

cn? dmol™?).

NMR MeasurementsAll spectra were recorded on a
Bruker-Spectrospin MSL 400 spectrometer operating at a
frequency of 61.4 MHz fofH-NMR and 162 MHz forfP-
NMR. For the deuterium NMR measurements, the quad-
rupole echo technique was employed with full-phase cycling.
The 90 pulse was 4.4&s, the interpulse delay was 45,
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 3P spectra were recorded using the Hahn-echo
sequence with gated proton decoupling and phase cycling.
The 90 pulse was 2.5%s, the echo spacing was 45, 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 tob& ppm.

Monolayer MeasurementsThe surface pressure was
measured by the Wilhelmy method, using a monolayer ~ . -
apparatus consisting of a round Teflon trough with a total 190 210
area of 362 crhdivided into eight compartments (Type
RMC2-T, Mayer Feintechnik, Gtingen, FRG) 84). A
mixed POPC/POPG or pure lipid monolayer was formed by Ficure 1: Lipid-induced conformational change SAP(1-40)
spreading a lipid solution in-hexane/ethanol (9/1, v/v) onto ‘?“f;g(‘j’exit'ﬁ gc())nri?icl\a/l dTunrﬁI an‘éwazcé sAicéiMofﬁggng;ggw‘:’%ispi d
the aqueous phase. The monolayer was stabilized at a preSEtcE)ncentration: 55 mM). The CD spectra correspond to different
surface pressure, which was kept constant throughout themolar lipid-to-peptide ratio. Curve 1, L/R 0; 2, 11; 3, 22; 4, 55;
experiment by an electronic feedback system. Small amountss, 110.
of a 0.1 mM stock solution gBAP(1—-40) were injected into
the buffer subphase. Measurements were performed at room

temperature.

Mean residue ellipticity (deg.cm?.dmol™!) (x10%)

Wavelength (nm)

RESULTS ]

Circular Dichroism Spectroscopy @¢fAP(1—40). SAP-
(1—40) dissolved in buffer (pH 7.4) at concentrations below
25 uM adopts a random coil conformation. Increasing the
peptide concentration from 25 to 100M leads to a
cooperative random co#=> -structure transition30). In
contrast, am-helical structure is induced ffAP 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 BAP(25-35) and
BAP(1-40) in the random coil conformation induced a
transition to gB-structure 29, 30. A similar random coil
= f3-structure transition was observed in the present study | - : .
upon addition of pure POPG vesicles to a solutiorBAP- 0 100 200 300 400 500
(1—40). As shown in Figure 1, a 2aM SAP(1-40) Lipid to peptide ratio (mol/mol)
solution was titrated with sonified POPG vesicles (55 MM). e 2: Lipid-induceds-sheet toa-helix transition of3AP(1—
In the initial titration steps, the addition of POPG induces 40). The ellipticity increase at 212 nm is shown as a function of
first a random coil= -structure transition. At a lipid-to-  the molar lipid-to-peptide ratiggAP(1—40) (at a concentration of
peptide molar ratio of-11 (Figure 1, curve 2), th8AP- 25uMin 10 mM Tris pH 7.4) was titrated with sonified unilamellar
(1—40) CD spectrum reveals a structure with about-40  Vesicles of POPG 1009#) and of POPC/POPG (75/25 mol/mol)

. - .. (O) (lipid concentration: 55 mM).

60% f-sheet content. Thew-helix content is negligible.
However, upon further addition of sonified POPG vesicles, Figure 2 summarizes the variation of thehelix content
a second change in the CD spectra can be noted, indicatingwith the lipid-to-protein ratio as reflected in the change in
the formation of ana-helical structure (Figure 1, curves CD intensity at 212 nm. For pure POPG vesicles, the
3-5). p-structure= a-helix transition starts at L/Rz 11 and is

Mean residue ellipticity at 212 nm
2
(deg cm™ dmol 1) (x (-103))
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FiGure 3: Area increase)A, of lipid monolayers induced by the
insertion offAP(1—40) (0.54M) as a function of time (measuring
temperature 22t 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) (
POPC/POPG (75/25 mol/mol) monolayer at 32 mN/m.

finished within a narrow interval. A maximum @£39%
a-helix is reached at a lipid-to-peptide molar ratio of 165.
The remaining structural elements are 28%urn 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, thehelix content rises gradually
for L/P > 55. At a lipid-to-peptide molar ratio of 440, about

POPG vesicles at L/P- 165.
Insertion Studies g8AP(1—40) Using Lipid Monolayers.

Terzi et al.

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

lipid composition surface pressure AA/A peptide

(mol/mol) (mN/m) (%) conc (M)

POPC 100% 20 4.8 0.5

— POPC/POPG (75/25) 20 4.0 0.5

& g 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

f) POPC/POPG (31/69) 20 21.3 0.5

& POPC/POPG (25/75) 20 39.1 0.5
(3 POPG 100% 20 >43.1 0.5

2 a4 POPC/POPG (25/75) 24 0 0.5

‘= POPC/POPG (50/50) 32 0 0.5

é’ POPC/POPG (75/25) 32 0 7.9

40

no
S 8
1 1

Relative area increase AA/A (%)
8[

Ficure 4: Relative area

POPG (mole %)
increas®A/A due to insertion ofBAP-

i ¢ | : / (1—40) (0.5uM) as a function of negatively charged lipid content.
the same maximurma-helix content is obtained as with pure  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.

Lipid monolayers have proven to be a sensitive tool to study (¢f. Table 1). For a pure POPG monolayer the area
expansion was more pronounced; however, no stable plateau

method can be employed with the lipid film kept at constant Was reached within the measuring period~a h.

lipid—peptide and lipie-protein interactions3b, 3§. The

area or at constant pressure.

In the second mode, as Figure 4 summarizes the insertion@AP(1—-40) (0.5uM)

employed here, the monolayer pressure is kept constant at anto mixed POPC/POPG monolayers (at 20 mN/m) as a
preset value by an electronic feedback system, and the aredunction of the PG content. In the range of80% POPG,
increase upon peptide penetration is recorded with a movablethe incorporation of peptide is weak but increases almost
barrier. The area increase is proportional to the number of exponentially above 50% POPG content.
A lateral pressure of 20 mN/m corresponds to a rather
Monolayers were formed by spreading a lipid solution of loose packing of the phospholipids, comparable to that in a
defined POPC/POPG composition in hexane/ethanol (9:1 v/v) micelle. Micellar solutions of sodium dodecyl sulfate and
octylglucoside have indeed been shown to interact BAR-
(1—40) stock solution was injected into the subphase, (1—42) and to induce conformational changes of the peptide
(39). A lateral pressure of 20 mN/m is, however, distinctly
area changeAA, upon peptide penetration was recorded. lower than the monolayetbilayer equivalence pressure,
which has been established as 32 mN/m by several methods
for two monolayers with different contents of negatively (37). At this pressure, the lipid packing density in the

penetrating molecules.

onto the buffer phase at pH 7.4. A small amount @fdP-
yielding a peptide concentration of Q. The resulting

Figure 3 displays the time course of the area increAsge,

charged lipid at a pressure of 20 mN/m. The insertion of monolayer is assumed to be comparable to that in the bilayer.
BAP(1-40) is a rather slow process for both monolayers. We have therefore performed additional measurements at 32
This is in contrast to most other drugs and peptides that havemN/m. The time course fqfAP(1—40) penetration into a
been studied so far (cf. refs 37 and 38). For the POPC/POPC/POPG (75/25) monolayer is included in Figure 3, and
POPG (37.5/62.5) membrane, a plateau value is reached aftefurther data are Summarized in Table 1. It can be concluded
about 2 h, and the relative area increas&/A is about 10% that SAP(1—40) cannot penetrate into mixed POPC/POPG
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Table 2: Quadrupole Splittingvq Deduced fron?H-NMR Spectra
of Mixed POPC/POPG Vesicles with and withgiAP(1—-40)

lipid-to-peptide quadrupole splitting

lipid composition (mol/mol) ratio (mol/mol) Avqg (kHz)
o-CD,-POPC/POPG (75/25) no peptide 8.9
o-CD,-POPC/POPG (75/25) 55 9.4
a-CD,-POPC/POPG (75/25) 200 9.2
o-CD,-POPC/POPG (75/25) 400 9.3
o-CD,-POPC/POPG (50/50) no peptide 10.1
o-CD,-POPC/POPG (50/50) 440 10.3
[-CD,-POPC/POPG (75/25) no peptide 2.4
A [-CD,-POPC/POPG (75/25) 440 2.4
L 9,10-d-POPC/POPG (75/25)  no peptide  ")B.0 (10)1.9
9,10-d-POPC/POPG (75/25) 440 'j@3.1  (10)2.1

(42). The characteristic parameter of these spectra is the
quadrupole splitting\vq as defined by the separation of the
most intense peaks in the spectrumyg is a measure of

the ordering and average orientation of the labeled headgroup
segment. Inspection of Figure 5 reveals very similar
B guadrupole splittings with and withodAP(1—-40). Identical
results were obtained for other L/P ratios and alsgf@D,-
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
10 kHz phosphorus-31 NMR data demonstrate tBAP(1—40) is
Ficure 5: Deuterium NMR spectra of POPC/POPG (75/25 mol/  not involved in direct molecular interactions with the POPC
mol) multilamellar liposomes without (A) and with (BJAP(1— headgroup.

40). POPC was deuterated at thesegment of the choline moiety : . . . . . N
(-NCH,-CD,OP-). The molar lipid-to-protein ratio in panel B was This result is surprising since previous investigations have

55. Almost identical spectra were obtained at L/P ratios of 200 Shown that the quadrupolar splittings of the choline head-
and 440. The multilamellar vesicles were prepared in MOPS buffer group are very sensitive to the presence of charged species
at pH 7.4. The sharp isotropic line results from natural abundance sych as ions43—45), local anesthetic and drugé@—48),
deuterium in water. The quadrupole splitting in the presence of charged phospholipids and surfactad8«51), and peptides
BAP(1-40) was 9.3+ 0.2 kHz; that in the absence of peptide was (52_954) pThepeffeF():t of charge on the cth,Iine hpea% rOuDS
8.9+ 0.2 kHz. - 9 group

causes a reorientation of the choline dipd&)( The only

monolayers when pressurized at the monolaysiayer known exception is pentalysine, which shows no effect on
equivalence pressure even at high content of POPG. Thisthe PC headgroup splittings in mixed PC/PS membreb@s (
provides a first evidence th@AP(1—40) may not insert The binding of Lys is purely electrostatic and could serve
spontaneously into lipid bilayers and that a micellar environ- @S @ model to explain the present data vis&P(1-40) (cf.

ment is a rather poor model system to stygP—lipid below). _ _
bilayer interactions. Finally, we have also investigated the effectf#P(1—

Deuterium and Phosphorus-31 Magnetic Resonarktee 40) on t.he hydrocarbon chain regiqn of the lipid bilayer by
interaction of8AP(1—40) with the phospholipid molecules ~ €Mploying POPC deuterated at this-double bond of the
was studied with phosphorus-31 and deuterium magnetic unsaturated hydrocarbon chain. Addition of cholestesg) (
resonance. The phosphorus-31 NMR spectra (not shown)°" amphlphllu_: d_rugs that penetrate into the lipid mgmbrane
had the shape and the quantitative parameters previousiy(48) lead to distinct changes in the quadrupole splittings of
reported for multilamellar phospholipid dispersiod,(41). the cis-double bond. In the presence BAP(1—40), no
The maximum chemical shielding anisotropy we45.7 ppm change in the quadrupole spllttmg_s was observed (cf. Table
and was identical with and witho@AP(1—40) at lipid-to- 2).' _It should be noted that quite different quadrupole
protein ratios between 55 and 400. It was also not possible SPlittings are observed for the C-9 and the C-10 segment of
to distinguish between the PC and the PG headgroups. oleic acyl chain, but bqt_h splittings remained approxmately

In a second type of experiment, POPC was selectively constant upon the addition 6AP(1-40). Deuterium NMR
deuterated at the- or f-segment of the choline headgroup thus demonstrates thAAP(1-40) does not penetrate into
and was mixed with non-deuterated POPG. Multilamellar the bilayer interior, supporting the monolayer resulits.
lipid dispersions were formed with and withg8AP(1—-40)
in the dispersing buffer (cf. Materials and Methods). Figure DISCUSSION
5 shows deuterium NMR spectra@fCD,-POPC/POPG (75/ The interaction ofSAP(1—40) with lipid monolayers and
25 mol/mol) membranes witho@AP(1—40) (panel A) and lipid bilayers follows a surprising pattern, and the results
at a lipid-to-protein ratio of 55 (panel B). Almost identical obtained with different techniques appear to be contradictory
spectra are obtained. The central isotropic resonance isat first sight. CD spectroscopy provides evidence for a
caused by the natural abundance of deuterium in water.conformational change of the peptide molecules induced by
Otherwise, the deuterium NMR spectra are characteristic of negatively charged lipid vesicles. In contrast, deuterium and
liquid-crystalline bilayers in which the headgroups execute phosphorus NMR reveal no conformational change of the
rotationally symmetric motions around the bilayer normal lipid molecules in the presence BAP(1—40), neither at
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the level of the headgroups nor in the hydrophobic membranewhereas the rest of the peptide was in random coil confor-
interior. Finally, SAP(1—40) interacts with negatively  mation @4). Analogous NMR and CD studies on tH&P-
charged monolayers only at a low packing density of the (1—28) fragment in 60% TFE showed a longehelix from
lipids but not under conditions equivalent to those of a lipid Tyr10/Glull to Ser26, most probably due to the higher TFE
bilayer. content 69, 60. The fragmentSAP(25-35) adopts an
Alzheimer's SAP peptides exhibit only a modest surface essentiallya-helical structure (from Lys28 to Leu34) in SDS
activity (58). In the case ofAP(1—40), the surface tension  micelles, again as deduced from NMR spec§) (
of water is reduced linearly from 72 to 60 mN/m up to a  Thea-helix content induced by negatively charged phos-
peptide concentration of 2aM. A further increase in pholipid vesicles is smaller than that in-250% TFE. Since
peptide concentration does not reduce the surface tensiora penetration of the peptide into the membrane interior can
but leads to peptide aggregatioB8). The rather weak  be excluded, the mechanism of helix formation at the
surfactant properties gFAP(1—40) are consistent with the  membrane surface must be different from that in organic
monolayer and NMR data described above. solution and micelles. Helix formation is probably triggered
The present results appear, however, to be in contrast withby purely electrostatic interactions singé&P(1—40) carries
single channel recordings @fAP(1—40) in model mem-  a total of five positive charges between residues Arg5 and
branes, which provide evidence for ion-selecti#P(1— Lys16. In a helical-wheel representation, these are positioned
40) channel 14—16). For a critical evaluation of these on the same face of the helix, facilitating an optimum
results, it should be noted that the model membraneselectrostatic interaction with the negatively charged mem-
contained decane and thus were characterized by a considerane. The lipid surface could thus act as a matrix for
ably softer packing. The monolayer equivalence pressurea-helix formation aligning the cationic side chains of the
of such a membrane is distinctly lower than that of a bilayer N-terminal parts of3AP(1—40) in proper order. Since the
without organic solvent. Moreover, the peptide was first peptide does not penetrate into the lipid membrane, the helix
incorporated into a suspension of pure phosphatidylserineaxis must be oriented essentially parallel to the membrane
liposomes that were fused with the bilayer upon addition of surface. The C-terminal part retains a nonstructured con-

CaClb. Thus, atransmembrane orientation gfAP(1—-40) formation and does also not intercalate between the lipids.
cannot be excluded priori, but the insertion appears to Surprisingly, the electrostatic interaction betwegdhP-
require specific catalytic conditions. (1—40) and the lipid membrane is not detected with NMR

Monolayer, NMR, and surface activity studies argue spectroscopy. The behavior 8AP(1—40) parallels that of
against a spontaneous penetration3aiP(1-40) into the a small basic peptide pentalysine, kysvhich binds to
lipid bilayer. On the other hand, conformational changes negatively charged membranes by a purely electrostatic
of BAP(1-40) are observed upon the addition of lipid mechanism §1-65). Lyss exhibits an apparent partition
vesicles and must be caused by peptideembrane interac-  coefficient of 5x 10* for membranes containing 20% anionic
tions at the bilayer surface. Negatively charged phospho- lipids (64), but the quadrupole splittings of the phosphocho-
lipids are crucial to change the peptide conformation, line headgroup are not at all change®6); Based on
attesting to a mainly electrostatic interaction between the deuterium NMR $6) and high-pressure fluorescence studies
peptide and the lipid bilayer. (64), it was thus concluded that Lybinds only to the outer

All experiments were performed at physiological pH but envelope of the lipid headgroups. A similar binding site can
at a low ionic strength. At higher NaCl concentrations, the be envisaged foPAP(1—-40). Thea-helical part of SAP-
peptide-lipid interactions were found to be screened. The (1—40) must be positioned at the periphery of the lipid
CD experiments are, however, in agreement with recent dataheadgroup layer in order to avoid a conformational change
of McLaurin and Chakrabartty at pH 6.0 and 120 mM NaCl/ of the lipid headgroups.

50 mM sodium phosphatd®). Apparently a small shift in The peptide fragmenBAP(25-35) exhibits sequence
pH is sufficient to increase the electric chargeféfP(1— homologies with neuropeptides of the tachykinin family such
40) such that electrostatic interactions remain dominant. as substance P (SBg, 67). Interestingly, SP and its agonist

Using CD spectroscopy, it is possible to distinguish two (NIe®)SP exhibit a similar physicalchemical behavior as
well-defined equilibria for humafiAP(1—40) upon titration BAP(1-40) in the presence of lipid membranes. SP and
with mixed POPC/POPG (75/25) vesicles. The CD spectra (Nle®)SP do not penetrate into neutral POPC bilayers or into
reveal first a random cod= g-structured aggregate equi- POPC monolayers at high lateral pressi86).( However,
librium that is followed by a transition to an-helical in the presence of negatively charged POPG vesicles, both
structure, the latter at a lipid-to-protein rat55. The peptides undergo a concentration-dependent conformational
random coil== -structure equilibrium has been discussed change. At a low L/P ratio€30), thej-sheet structure is
previously and can be described quantitatively by a coopera-predominant. At high lipid-to-protein ratios>@0), both
tive two-state equilibrium30). The lipid-induced3-structure peptides adopt the helix conformation.

— o-helix transition has not been observed before. If pure  The functional role ofi-helical SAP(1—40) is not known.
POPG vesicles are employed, tfestructure<= o-helix Using anin vzitro plaque growth assay, the structure of several
transition occurs already at lower L/P ratios (I-4P11) and BAP fragments was correlated with their functional properties
is not clearly separated from the random egil3-structure (27, 68. The fragmenBAP(10—35) NH; displays the same
transition. activity in plague growth asAP(1—-40) and is sufficiently

Helical structures of Alzheime#APs or fragments thereof  soluble in water for NMR spectroscopy. The plaque
have been produced previously with organic solvents and competent conformation ¢fAP(10—35) was not helical but
micellar solutions but not with lipids. NMR measurements folded 7). By analogy, it is suggested that the active form
of humangAP(1—40) in 40% trifluoroethanol (TFE)/water  of SAP(1—40) is also not helical. In a differenn wvitro
revealed two short helices, GIn15-Asp23 and lle31-Met35, assay, we have shown recently tifastructuredfAP(1—
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40)

is toxic and that toxicity can be inhibited by molecules

with a large dipole momen6Q).
From a theoretical point of viewg-helix formation of

BAP(1—-40) at the membrane surface may be considered as

an alternative mechanism in protein folding, different from

the

prevailing model of folding proteingito 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 orientatior78). In the case ofAP(1—40),

the experimental evidence argues against membrane penetra-28-
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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