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ABSTRACT. A critical event in Alzheimer’s disease is the transition gf fpeptides from their soluble
forms into disease-associatgesheet-rich conformers. Structural analysis of a compteenino acid
replacement set of (1—42) enabled us to localize in the full-length 42-mer peptide the region responsible
for the conformational switch into g-sheet structure. Although NMR spectroscopy of trifluoroethanol-
stabilized monomeric A(1—42) delineated two separated helical domains, only the destabilization of
helix I, comprising residues 24, caused a transition tgfasheet structure. This conformatiorato-5

switch was directly accompanied by an aggregation process leading to the formation of amyloid fibrils.

The conversion of soluble proteins into fibrillar aggregates tion (16) and have been targeted in studies aimed at inhibiting
is an important event in a considerable number of diseasesthe aggregation procestq). That hydrophobicity is not the
including Alzheimer’s disease (AD) and prion-related dis- exclusive basis for amyloid formation is underlined by the
eases 1). All are characterized by a change in protein two single-point mutations linked with early onset amyloi-
structure resulting in predominantlg-sheet conformers, dosis: the Flemish (Ala2%Gly) (18) and Dutch (Glu22-GIn)
which self-associate into insoluble fibrils (amyloid forma- (19) variants of AS.
tion). A central event in AD is the formation of amyloid To assess the impact of conformational alterations on the
plaques in the brain. The major components of the plaquesinitiation of amyloid formation, we have studied the influence
are 39-43-mer amyloidj-peptides (4) (2), which are of b-amino acid substitutions on the secondary structure and
formed by enzymatic processing of the amyl@igrecursor  association behavior of 1—42). The replacement of amino
protein (ABPP) @). It has been established that the 42-residue acids by theirp-enantiomers is known to induce a local
peptide AS(1—42) (DAEFRHDSGYEVHHQKLVFF2- destabilization of secondary structures without changing other
AEDVGSNKGAIIGLMVGGVV “IA) plays a key role in  properties of the peptid€0, 21), thus allowing the separa-
promoting the diseased), Soluble A3 (Afs) at sub- tion of conformational from hydrophobic effects. Herein, a
nanomolar concentration is a normal constituent of human completen-amino acid replacement set was used to locate
biological fluids 6, 6). Conformational studies to elucidate the region of A8(1—42) which modulates the molecular
the structure of A&s suffer from the tendency of the peptide switch into an associating-sheet structure.
to form aggregatefi-sheets at micro- to millimolar concen-
tration (7). NMR studies of monomeric A(1—40) and A3- MATERIALS AND METHODS

(1—42) stabilized by trifluoroethanol (TFEpr a membrane : . . : B
mimicking environment have indicated a high degree of Pepnde S_ynthegsé\mylmd peptides, ’{ﬁ(l 42) an(_JI the
p-amino acid variants, were synthesized by solid-phase

o-helical secondary structur8<10). An a-to-3 structural - . ;
transition has been proposed as a key step initiating peptidemethods on an automated MilliGen 9050 peptide synthesizer

aggregation and fibril formationi@, 12). Studies focusing ]SIMiIIiger}/Bi?rs‘earch,bBurI:ng:]on, .MtA). u'tsri1ng FT.OCNG'Q'ﬂ
on the association behavior of fAusing shortened A uorenylmethoxycarbonyl) chemistry in the continuous flow

peptides have shown that fibril formation can be impaired mode: TentaGel S A resin, 0.2 mmot'dRapp Polymere,

; : - ; . . Tubingen, Germany), 1 equiv of HBTUN¢[(1H-benzotria-
by amino acid substitutions in the central, hydrophobic region . . :
b)étween positions 17 and 213-15). Resid)LlJes I2620 areg zol-1-yl)(dimethylamino)methylendj-methylmethanamin-

A . iffcae . ium hexafluorophosphatii-oxide), 2 equiv of DIEA (di-
suggested to serve as a binding domain duri grega isopropylethylamine), coupling time 20 min, deblocking time

Thi " ted by Deutsche Forsch inschaft K vv_it_h 20% _piperidine in dim_ethylf(_)rmamide_, 10 min. Ad-
1451/2|_32wor Was supporied by Beisene Forsenungsgemeinscha rd|t|0nally, in the hydrophobic region of residues Ala42 to
* To whom correspondence to should be addressed. F&B-30- Lys28 2% DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene[1,5-5])

94793221. Fax:+49-30-94793159. E-mail: ekrause@fmp-berlin.de. \yg5s added during the deblocking step. Peptides were cleaved
*Institute of Molecular Pharmacology, Robert $te Strasse 10, 9 g b- P

13125 Berlin, Germany. from the resin support by a mixture of 5% water/5% phenol/
8 Max Delbrick Center of Molecular Medicine, Robert Bde Strasse 2% triisopropylsilane in trifluoroacetic acid for 3 h. The crude
10, 13092 Berlin, Germany. peptides were purified by preparative reversed-phase chro-

1 Abbreviations: TFE, trifluoroethanol; CD, circular dichroism; ;
TOCSY, total correlation spectroscopy; NOESY, nuclear Overhauser matography on PolyEncap A300 (kfn, 250x 20mm i.d.,

effect; COSY, correlated spectroscopy; FTIR, Fourier transform Bischoff Analysentechnik GmbH, Leonberg, Germany),
infrared; ThT, thioflavin T. using an acetonitrile/water/0.1% trifluoroacetic acid solvent
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system at elevated temperature (85). The separated geometry and molecular dynamic (MD) calculations were
fractions were evaporated in a vacuum, and the peptides wergerformed with the X-PLOR 3.1 packagd0j employing
isolated by lyophilization and analyzed by MALDI mass the hybrid distance geometry-restrained MD approach with
spectrometry (Voyager-DE STR, Perseptive Biosystems, simulated annealing refinement and subsequent energy
Framingham, MA) using a sinapinic acid matrix, which gave minimization (standard protocols)3@). The calculation

the expected [M+- H]* mass peaks for each peptide. The started from an extended template including the experimental
peptide content of lyophilized samples was determined by data of 107 intraresidual and 157 interresidual NOE distance
guantitative amino acid analysis (LC 3000 analyzer, Biotronik- restraints. No long-range NOE cross-peaks were observed.
Eppendorf, Maintal, Germany). Because trifluoroacetate Out of 50 resulting structures, 15 final structures (with no

gives rise to a strong band at1673 cni! in the infrared

distance restraint violations greater than 0.03 A or dihedral

spectrum which overlaps the conformation-sensitive amide angle restraint violations in excess df) Were included in
| band of the peptide backbone, all such counterions werean ensemble for further characterization. For visualization

replaced by chloride ions by lyophilization twice from 10
mM hydrochloric acid. To ensure that all peptides adopt

of structure data the MOLMOL packagdl) was used.
Fourier Transform Infrared Spectroscopwfrared spectra

monomeric, mostly random starting structure stock solutions were collected on an IFS-66 FTIR (Bruker, Karlsruhe,
were prepared by dissolving the lyophilized peptides in pure Germany) spectrometer equipped with a DT65 detector with

TFE.
Circular Dichroism MeasurementCircular dichroism
(CD) spectra were measured atZ5o0n a J-720 spectropo-

continuous purging by dry air. Measurements were performed
in 80% TFEdy/20% deuterium oxide (v/v). All data were
obtained from freshly prepared solutions at a peptide

larimeter (Jasco, Tokyo, Japan), in a quartz cell of 0.1 cm concentration of 4.4« 10~4 M. The samples were placed

path length, over the range 19260 nm. The instrument
was calibrated with an aqueous solution ®§{10-camphor-

between a pair of Cafwindows, separated by a path length
of 50um. The solvent spectrum was recorded under identical

sulfonic acid. CD spectra were the average of a series of sixconditions and subtracted from the peptide spectra. For each
scans made at 0.1 nm intervals. Peptide concentrations weresample, 128 interferrograms were coadded and Fourier

2 x 107 M in 80% TFE/20% HO (v/v). The CD results
are reported as mean residue molar elliptici®}] in deg
cn?/dmol. The amount of helix was estimated from the
relation: helicity (%)= ([O]222 — [0]%22)/[©]1°%,,, Where
[©]222is the determined mean residue ellipticity at 222 nm.
For [0]%;, and [©]'%%,,, representing 0 and 100% helix
content, values of—2340 and —30300 deg cridmol,
respectively, were use@2).

NMR Spectroscopy and Structure CalculatioAg(1—
42) was dissolved in 80% TF&,-OH/20% water (v/v) to a
final concentration of 2 mM. The pH was adjusted to 2.5.
The 'H NMR spectra were acquired on a standard Bruker
DMX 600 spectrometer at 300 K. Typical acquisition

transformed to generate a spectrum with a nominal resolution
of 4 cnm*. Residual water vapor was interactively subtracted,
as described previouslB?). The final unsmoothed peptide
spectra were used for further analysis. Band narrowing of
the spectra by Fourier self-deconvolution, which leads to a
better visualization of overlapping bands, was carried out
using a half-bandwidth of 16 cmi and a band narrowing
factor,k = 1.6.

Dynamic Light Scatterinddynamic light scattering (DLS)
measurements were performed at a scattering angle °of 90
with a laboratory-built setup3@), equipped with an argon
laser Lexel 3500 (Lexel Inc., CA) operating at 514.5 nm
wavelength and 0.5 W output power. The peptide solutions

parameters were a spectral width of 8333 Hz and a pulse(1 mg mL? in 80% TFE/20% water, v/v) were filtered

width (90 °) of 10.1 us. One-dimensional spectra did not
change over the concentration range-2% mM, suggesting

through 100 nm pore-size Anodisc filters (Whatman, U.K.)
into 50 uL flow-through cells, which fit the cell holders of

that the peptide was monomeric under the experimentalboth the DLS setup and a Beckman DU-650 spectropho-

conditions. For two-dimensional spext4 K complex data

tometer. Peptide concentrations before and after filtration

points, 32 transients, and 512 complex increments werewere determined spectrophotometrically using a calculated

collected. Double-quantum-filtered phase-sensitive 2D cor-

related spectroscopy (DQF-COSYJ3j and 2D total cor-
relation spectroscopy (TOCSY24, 25) were used for spin-

absorbance3d) A(276 nm, 1 cm, 1 mg mt!) = 0.32. The
temperature during measurement was’€0 The scattered
light intensity was measured with the same setup using

type assignments. Sequential assignments were made usingenzene as a reference sample. Distribution functions of
phase-sensitive 2D nuclear Overhauser effect spectroscopyranslational diffusion coefficient® and the corresponding

(NOESY) (6) and standard procedurehr}. Several mixing
times between 100 and 200 ms for NOESY and-86 ms

size distributions in terms of the hydrodynamic Stokes radius
were obtained from the measured autocorrelation functions

for TOCSY spectra were acquired. The data sets werewith the program CONTIN 5). The size distributions

processed using shifted sine-bell apodization and zero filling consisted of two major peaks indicating that the peptides
in both dimensions. Spectra were processed under Linuxwere present as both monomers and aggregates. The distri-
using the NMRPipe software syste@8f and analyzed with  bution functions were normalized such that the peak areas
the program NMRviewZ9). Peak intensities were estimated ay andaa are proportional to the fractions of the total light
from NOESY spectra. The peaks were divided into three scattering intensity of monomers or aggregates, respectively.
categories and assigned distance ranges according to theifThe extent of aggregation can be estimated from the ratio
intensity: strong, 1.53.0 A; medium, 1.5-3.3 A; and weak, aa/ay only if the shape of aggregates is approximately
1.5-5.0 A. Overlapped cross-peaks were given a value of known, since the scattering intensity depends on the weight
1.5-5.0 A. Pseudoatom correction was used to adjust concentration, the mass, and the scattering function of the
distances involving nonstereospecifically assigned protons particles. Estimates have been made f@(1A-42) andb-21/
such as methyl, methylene, or aromatic ring protons. Distance2?2 by following a number of assumptions. According to the
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electron microscopic results, the aggregates were modeled o
by cylinders with a diameter of 8 nm and an average length, 76l

calculated from the Stokes radius according to the cylindrical
shell model 86). The average mass was obtained using a

32/32 3031
. 9

mass per length ratio of 7 kDa/nn8%). The scattering 75
function of rigid rods was applied. For the small monomers ‘
with a mass of 4.5 kDa the scattering function is 1. e

Thioflavin T Fluorescence Assalfor Thioflavin T (ThT) 80

analysis, which was described previousdg), 40 uL of the
peptide solution (1 mg mt! in 80% TFE/20% water, v/v) = s
was added to &M ThT in 50 mM glycine, pH 9.1, in a ‘
final volume of 2 mL. Immediately thereafter, the fluores-
cence was monitored &.x = 450 nm andEen = 482 nm
on a Perkin-Elmer LS 50B spectrofluorometer at°Zs A
time scan was performed. The value after 240 s, when a
plateau was reached, was subtracted from the background
signal of the 3uM ThT solution. All experiments were
carried out in duplicate.

Electron MicroscopyThe analogue-21/22 was dissolved
in 80% TFE/20% water (v/v) at a concentration of 1 mg 87 86 85 84 83 82 81 80 79 78 771 16
mL~%. A 5 ulL aliquot was adsorbed for 60 s onto 300-mesh F2
copper grids coated with carbon film (support films made FiGURe 1: Two-dimensional NMR spectroscopy of unmodified-A
from Formavar or Pioloform were destroyed by TFE). Excess (1742) in 80% TFE/20% water. Ni)(to NH(i+1) connectivities
liquid was removed with filter paper. The air-dried sample of a 600 MHz NOESY™H NMR spectrum.
on the grid was negatively stalneq with /. of freshly Table 1: Spin System Assignments for Unmodified(A—42) in
prepared 2% (w/v) uranyl acetate in water. After 60 s the gnos TFE/2006 Water
excess liquid was removed, and the sample was allowed to
air-dry. Specimens were examined with a 902 A electron

2/3
[

chemical shifts (ppm)

microscope (Zeiss, Oberkochen, Germany) at 80 kV. NH CaH i i others
D1 4248 2985 3.082
RESULTS AND DISCUSSION A2 8560 4244 1375

E3 8.134 4.128 2.031 2.070 2.403

i i i . F4 7.805 4428 3103 3.191 7.190 7.150
The structural analysis of the douhﬂgammo acid replace = 5541 4046 1798 1921 1589 1620 3451 7.150
ment set of (1—42) was performed in the presence ofthe He 8238 4527 3248 3.322 7055

a-helix-inducing solvent TFE to maintain a monomeric, gg 88-‘;}1% i-%% 2.9%0
soluble peptide conformation. CD measurements at different gg  g310 3.998

TFE concentrations have shown thagt(A—42) adopts a Eitl) g%%g i%% 32121;; 3.1142 57 6.714 7.047
structure with a helix fraction between 0.40 and 0.45in 80% v1> g313 3742 21105 1056 0.898
TFE/20% water. Lower concentrations of TFE resulted in Eﬁ g.?ﬁg i.ggg g%% ;.igg
destabilization of thei-helical conformation and subsequent 75 5585 3907 2139 2227 2435 6263 6.539
increase ofj-sheet structure. NMR spectroscopy to localize Ki6 7.968 4.060 1.951 1.470 1.659 2.902
i : 0 L17 7.590 4.206 1.717 1.472 1.695 0.842

secondary structure el_ements was _carrled out in 80_/o TFE,\y1g 7755 3595 2024 0882
even though NMR studies were previously performed in 40% F19 8.084 4.335 3.2%3 7.165 7.246
TFE for AB(1—40) () and in micellar sodium dodecyl ~ F20 8405 4.248 3300

: A21 8661 3.930 1.533
sulfate (SDS) solution for A(1—40) and A3(1—42) (9, 10). E22 8410 4.089 2075 2.190 2.407 2.632

i i iviti D23 8.257 4.454 2776 2776

Figure 1 shows NHJ to NH(i+1) connectivities and Table Von 8504 3eoa  1aTo 0698 0795

1 shows the chemical shifts of the proton resonances’ef A c25 8156 3.836 3.865

(1—42). Numerous medium-rangeo®(i)—NH(i,i+3) and ﬁ%? 77-382 273333 g-gg’g 5 905 6431 7289
CaH(i)—CpBH(i,i+3) NOE connectivities were observed for kg goeg 4131 1.867 1.908 1.468 1529 1.670 2.970

the regions Glul%Val24 and Lys28-Val36, suggesting the ~ G29 8.209 3.839

: : A, ; A30 7.687 4.210 1.468
existence of twar-helical domains in A(1-42). Thisresult 131" 7551 3928 1,983 1259 0955 0875
was supported by analysis af-proton chemical shift g%g 77.%%% %’%}é 13.98%)% 1.237 0.910 0.865
deviations from “random coil” reference value39 (data L34 7805 4295 1.6%0 0.86%

not shown). A set of 287 conformational restraints derived M35 8.096 4.320 2.137 2.271 2532 2713

: : V36 8312 4.000 2.197 0.944 1.014
from NMR analysis was used for distance geometry calcula- 537 7967 3873 3931

tions. Statistical data are shown in Table 2. The most G38 7.870 3.935

prominent features in the structure of@—42) include two V39 7.635 4.061 = 2.123 0908 0944
well-defined a-helices in the segments GluzVal24 and 141 7.630 4341 1.398 0.958

Lys28—-Val36, shown as best-fit superpositions in Figure 2. A42 8442 4254 1.339

From the lack of NOE restraints the linker connecting the 2 Amino acid.” Degenerated shifts.
two helices would appears to be quite flexible. Overall, the
results obtained in the presence of 80% TFE agree well with lices, comprising GIn15Asp23 and lle3+Met35 in the
NMR studies suggesting two stable and well-defioede- presence of 40% TFBEB) and GInl15-Val24 and Lys28&
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Table 2: Structure Statistics for 15 Best Structures G{1A-42) Complete r_eplaceme_nt S_ets have be_en previously used to
after Energy Minimization and Simulated Annealing localize helical domains in neuropeptide,(42), as well

as to study the role of peptide helicity on the interaction of
antibacterial peptides with lipid bilayers and biological

restraints for structure calculations
total restraints 287

total NOE restraints 264 membranes43). Changes in secondary structure induced by
'S”éaifgrf{%lfe %87 D-amino acid substitution were studied by CD and Fourier
medium range 77 trqnsform i_nfrgred (FTIR) _s_pectroscopy. CD mea_s;prernents
J-coupling restraints _ 23 (Figure 3) indicated a position-dependent destabilization of
statistics for structure calculations h helical hil f th |
rmf)d fr(;)m( ;igealized geometry [%%1%00001 the o-he d(l:::; I,.0,6(|1—42). Wi '|de ?/gst k? the analogues
onds - . remaineda-helical (e.g., peptide-5/6), there was a stron
bond angles (deg) 0.4880.007 reduction of helicit( g Eugstitution)in the central re ign
improper torsions (deg) 0.4150.011 . y by g
NOEs _ 0.028+ 0.001 (residues 1%21). The CD spectra of these analogues
ﬁng[‘é%‘éﬁg?egsc(ﬁgg}rﬁ]'gg 0.0140.001 indicated a transition to A-structure. FTIR is particularly
Etotal 66.88+ 1.97 well suited for independent detectionadhelical ands-sheet
Foonds 2202015 structures. The results of our FTIR experiments, which are
Ermproner 8.56+ 0.44 consistent with the CD data, also indicatecato-£ transition
Eﬁdc?é 3792058, of AB(1-42) after directed>-amino acid replacement. The
Es—coupling 0.70+ 0.20 spectra of_ 8(1-42) and mosb-analqgues are char_acterlzed
coordinate precision (A) [(BAvs [BAa by an amide | band at 1654 ¢ which can be assigned to
rmsd of backbone atoms (NoCC') . .
for residues 1124 0.64+ 0.21 ano-helical structure (Figure 4A). However, the IR spectra
rm;%fé?ziﬁiﬁgg\f%;gms 0.574+0.17 of somep-analogues (within helix I) reveal an additional
for residues 1);24 1194 0.21 feature: a banc_i at 1634 cry yvhich is typical_ofﬁ—sheet
PRO (f:OFa éecskdges 28ﬁ6 g ot statisti 0.95+0.17 structures. Plotting of the quotient 6f anda-amide | bands
residues in most favored regions 60.8 as a function of the-amino acid replacement (Figure 4B)
resigues in additionallalklnlwed Cgegio_ns 33,260 clearly indicates the destabilization of helix | (224) by
resiaues in generously allowed regions . . : :
residues in disallowed regions 3.1 ZUbsmu“Ofn of r'zsldue;{ljzziY(LE\\//I;F'lAE?jy), atnd toa Itesger
egree of residues , leading to ana-to-,
A B transition in the peptide. The weak influence of the substitu-
¥ tions of residues 1316 (HHQK) on the conformational

switch could be explained by the different helix-destabilizing
propensities ob-amino acids. Compared to a substitution
of Val/Val by p-Val/b-Val in a helical host model peptide,
the destabilizing effect of His/His by-His/b-His is dramati-

cally weaker, as recently shown by measurements of changes
in free energy of 7.1 and 1.6 kJ/mol, respectivels)( Both

CD and FTIR experiments revealed that the potential to cause
an o-to-3 transition of A3(1—42) is located within helix |
(residues 1%24). In contrastp-amino acid substitution in

, ) neither helix 1l (28-36) nor the N- or C-terminus caused
Ficure 2: Structural calculations of 1-42). Best-fit backbone o0 5 conformational transition. That helix | should indeed
superpositions of NMR structures of the two helical regions (A) )

Glu11-Val24 and (B) Lys28-Val36 of AB(1-42). For clarity, 15 ~ D€ responsible for thew-to5-switch was underlined by
structures out of 50 were chosen. studies with shortened /Apeptides. While the C-terminal
fragment, A6(29—42), is -structured regardless of pH or
Val36 in micellar SDS solutiony 10). The observed temperature, the N-terminal peptidgs@d—28) can adopt
deviations in helix lengths may be due to the differing different conformations depending on the envirom&ntp).
contents of the structure-stabilizing solvent TFE (40% versus The strongest effect on helix destabilization gf(A—42)
80%) and the effect of structure induction/stabilization during and therefore on the conformational switch int@-sheet
the interaction with SDS micelles. structure was produced Imyamino acid substitution within
To destabilize thex-helical conformation of £(1—-42) residues 19-22. This is exactly the region where the point
position-specifically, a double-amino acid replacement set mutations Ala21>Gly of the Flemish and Glu22GIn of
was synthesized (Table 3). Although it had been reported the Dutch type of & are located. That these mutations
that synthesis of the full-length/Awas problematical4Q, destabilize the secondary structure has been shown by
41), we were able to synthesize the native sequence and 2@revious studies. It was demonstrated by using fragmgnat A
variants without problems using Fmoc chemistry and stan- (19—35) that the substitution Ala2tGly alters the second-
dard protocols. The set consists of peptides with a pairwise ary structure in TFE frona-helix towardf-sheet 46). The
replacement of adjacent amino acids by tine@nantiomers. Dutch mutation decreases the propensity of the central region
Double rather than single substitutions were performed to of Aj to adopt ano-helical conformation according to the
enhance the effect of secondary structure disturba?2@e ( Chou—Fasman method4{). This was shown to result in a
The replacement of amino acids by theirenantiomers  conformer with a highepf-sheet content4@®). In contrast,
induces a local destabilization afhelical structures without  a-helix stabilization by the single mutation Vatla in
changing other peptide properties, such as hydrophobicity, Af(1—40) results in a less amyloidogenic peptide analogue
side chain functionality, or charge distributio20( 21). (112). The importance of the Adomain 1124 is underlined

Glull



Conformational Transition of A(1—42)

Biochemistry, Vol. 40, No. 18, 2005461

Table 3: A3(1—42) Doubleb-Amino Acid Replacement Set

Peptide Sequence? D-Amino Acid
Substitution
AB(1-42) DAEFRHDSGY EVHHQKLVFFPAEDVGSNKGA™IIGLMVGGVV™IA .
D-1/2 DAEFRHDSGY '’EVHHQKLVFF’AEDVGSNKGAYIGLMVGGVV*IA dl/a2
D-3/4 DAEFRHDSGY "EVHHQKLVFF’AEDVGSNK GA* IIGLMVGGVV*IA e3/f4
D-5/6 DAEFRHDSGY "*EVHHQKLVFF’AEDVGSNKGA* [IGLMVGGVV*IA r5/h6
D-7/8 DAEFRHDSGY '°EVHHQKLVFF’AEDVGSNKGA* IGLMVGGVV¥IA d7/s8
D-10/11 DAEFRHDSGY "’EVHHQKLVFF*’ AEDVGSNKGA*IIGLMVGGVV*IA yl0/ell
D-11/12 DAEFRHDSGY'’EVHHQKLVFF’AEDVGSNKGA  [IGLMVGGVV*¥A ell/vl2
D-13/14 DAEFRHDSGY '°EVHHQKLVFF’AEDVGSNKGAXIIGLMVGGVV*IA h13/h14
D-15/16 DAEFRHDSGY""EVHHQKL VFF’AEDVGSNKGAYIIGLMVGGVV*¥IA q15/k16
D-17/18 DAEFRHDSGY "EVHHQKLVFFAEDVGSNKGA* IIGLMVGGVV*IA 117~718
D-19/20 DAEFRHDSGY "EVHHQKLVFF*’AEDVGSNKGAYIIGLMVGGVV*IA f19/£20
D-21/22 DAEFRHDSGY"EVHHQKLVFF’AEDVGSNKGA  IGLMVGGVV*IA a21/e22
D-23/24 DAEFRHDSGY *EVHHQKLVFF’AEDVGSNKGA IGLMVGGVV*IA d23/v24
D-26/27 DAEFRHDSGY'"EVHHQKLVFF’AEDVGSNKGAYIIGLMVGGVV*IA $26/n27
D-27/28 DAEFRHDSGY "’EVHHQKLVFF*’AEDVGSNKGA**lIGLMVGGVV*IA n27/k28
D-30/31 DAEFRHDSGY "’EVHHQKLVFF*’AEDVGSNKGAYIIGLMVGGVV*IA a30/i31
D-31/32 DAEFRHDSGY ""EVHHQKLVFF’AEDVGSNKGAXIIGLMVGGV V1A i31/i32
D-34/35 DAEFRHDDGY""EVHHQKLVFF*AEDVGSNKGAYIIGLMVGGVV¥IA 134/m35
D-35/36 DAEFRHDDGY'"’EVHHQKLVFF’AEDVGSNKGA*IIGLMVGGVV*IA m35/v36
D-39/40 DAEFRHDDGY"EVHHQKLVFF*AEDVGSNKGAXIIGLMVGGYV¥IA v39/v40
D-41/42 DAEFRHDDGY "EVHHQKLVFFAEDVGSNKGA*IGLMVGGVV*IA i41/a42

ap-Amino acids are underlined.

30
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& 10 4
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D-19/20
-10 - D-20/21
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200 210 220 230 240 250 260
A (nm)

Ficure 3: Effect ofp-amino acid substitutions on the helix stability
of AB(1—-42). CD studies were performed in 80% TFE/20% water
at a peptide concentration of 2 105 M.

by the interaction of the peptide with molecules such as
apolipoprotein E (ApoE), glycosaminoglycans, or nicotine,
which influence amyloid formation. ApoE and glycosami-
noglycans were found to interact with amino acids-23
and 12-17 of AgB, respectively 49, 50). Both promote the
formation of amyloid fibrils. The inhibitory effect of nicotine
on amyloid formation of £(1—42) is thought to involve its
binding to the a-helical domain within residues-128,
thereby preventing an-to-5 conformational transitions(l).

To investigate whether the-to-f transition observed is
linked to an association process which leads to amyloid

fibrils, static and dynamic light scattering experiments, the
ThT fluorescence assay, and electron microscopic experi-
ments were performed. Combined static and dynamic light
scattering allowed determination of the relative scattered
intensityl. and the distribution function of Stokes raéi,
which can be used to estimate the degree of association.
Because filtration of the sample is indispensable for light
scattering experiments, the removal of a significant amount
of aggregate had to be taken into consideration. Therefore,
the amount of separated high molecular weight aggregates
was quantified (Table 4). Remarkably, about 50% of the
peptide was retained in the case mfl9/20 andb-21/22,
indicating that strong association processes are initiated by
the a-to-f transition. The analogue-17/18 was also found

to undergo association into high molecular peptide assemblies
although to a much lesser extent. In comparison, no high
molecular weight aggregates were observed footielical
Ap(1—-42) itself. The different association behaviors of these
peptides were also reflected by the results of subsequent light
scattering investigations of the filtrates, particularly by the
relative scattered intensitiég (Table 4). Compared to that

of the nonmodified £(1—42) molecule, the intensities were
significantly increased for analogues with substitution in
positions 19-24, which indicates significant aggregation.
Interestingly, analogue-11/12, which has also been shown
to undergo am-to-f transition, did not exhibit any increased
association behavior. The DLS size distributions always
displayed two major peaks, one wis = 1.1 + 0.1 nm,
derived of peptide monomers, and the secdRgh(n Table

4) representing the average hydrodynamic radius of the
peptide aggregates present. The corresponding pealegrea,

in the size distribution function varied considerably in concert
with the relative scattered intensitibg. An estimation of

the amount of aggregates in the filtrate, which was performed
for both A5(1—42) as the wild-type sequence and the
modified analoguep-21/22 (see Materials and Methods),
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Ficure 4: Conformationabi-to-3 transition of A3(1—42) induced by position-specifiz-amino acid replacement. (A) FTIR spectra in the
amide | region of the complete #1—42) p-amino acid replacement set recorded in 80% ThER0% deuterium oxide at a peptide
concentration of 5 10~ M. (B) Quotient of intensities of thB-band andx-band A;e34cn/Asssacnit) Of D-amino acid substituted peptides
relative to A3(1—42).

Table 4: Association Behavior of(A1—42) and Selected
p-Analogues in 80% TFE

dynamic light scattering of

filtration stef the filtered peptide sample
amount of aggregates Rs.a

peptide retained (%) I rel (nm)
AB(1—42) 0 0.4 21
D-1/2 5 3.0 22
D-11/12 0 0.8 14 i
D-17/18 12 2.8 17 S R : T
D-19/20 44 12.1 29 Ficure 5: Fibril formation of p-21/22. Electron micrographs of
D-21/22 53 121 24 negatively stained (2% uranyl acetate) fibrils of thamino acid
D-23/24 3 6.3 19 substituted analogue-21/22 (1 mg mL?) in 80% TFE/20% water.
D-34/35 0 4.4 20 Bar: 100 nm.

" —
100 nm pore size filter. acid substitution in positions 012, also shown to cause a

suggests no aggregation in the former case but 30% in theconformati(_)na_l tran_sition of th_e peptide, but to a lesser dggree
latter. The ThT fluorometric assay was performed to test than substitutions in the region 24, nor replacement in
whether the aggregates formed are fibrillar in character. ThT @ll other positions was found to lead to such strong increases
interacts specifically with amyloid fibrils, thereby undergoing 1N @ssociationThese facts correspond to the finding that the

a shift in its excitation and emission maximur38). The isomerization of aspartyl residues within the central region
analogue-21/22, which had shown the strongest association (IS0ASp23) strongly increasesil—42) aggregation, while
behavior, was selected and compared t8(1&-42). As the mfluenc_:e (_)f isomerization at position 7 is rather W_eak
expected, there was no interaction of ThT with theelical (41). The finding that structure disruption in the region

AB(1-42) in TFE (1.8 fluorescence units). In contrast, Petween residues 17 and 24 g§A—42) initiates aru-to-§
peptide p-21/22 showed a strong binding to ThT (747 transition wh|ch is accompamed by amyloid formation
fluorescence units), indicating that the aggregates formed argProvides evidence that this domain not only has a key role
of fibrillar morphology. The fibrillar structure of the ag- [N the association process because of hydrophobic interac-
gregates was confirmed by electron microscopy (Figure 5). tions (13) but_dlrectly causes a switch of secondary structure
Unbranched fibrils, on average 8 nm wide and 100 nm to ©f the Alzheimer peptide.
>1 pm Iong_, were obs_erved, corre_:sp_on_ding in appearance ~ 5\ | USIONS
and dimensions to ordinary amyloid fibril§2).
Taken together, the results of the association experiments The results of the present study have shown that the
in TFE show that destabilization of helix | (+24) between conformational switch of A(1—42) into af-structure could
positions 17 and 24 is accompanied by association into be initiated by destabilization of the-helical domain
amyloid fibrils. The strongest association was found for the comprising residues 124. The p-amino acid induced
analogue®-19/20 and-21/22. In contrast, neitheramino o-to-f transition is accompanied by association into amyloid
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fibrils. Most important for the conformational switch, and
therefore for amyloid formation, are residues-P4, which

are located in the hydrophobic region of the helix. This region
has been suggested to serve as a binding domain dufing A
aggregation6, 17). Thus both the conformational shift and
the hydrophobicity of the central helix are important driving
forces in this process.
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