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ABSTRACT: The three-dimensional structure of amyloidâ peptide (25-35), which has neurotoxic activity,
in lithium dodecyl sulfate micelles was determined by two-dimensional1H NMR spectroscopy with
simulated annealing calculations. A total of 20 converged amyloidâ peptide structures were obtained on
the basis of 110 experimental constraints, including 106 distance constraints reduced from the nuclear
Overhauser effect (NOE) connectivities and four torsion angle (φ) constraints. The atomic root mean
square difference about averaged coordinates is 1.04( 0.25 Å for the backbone atoms (N, CR, C) and
1.39( 0.27 Å for all heavy atoms of the entire peptide. The molecular structure of amyloidâ peptide
in membrane-mimicking environment is composed of a shortR helix in the C terminal position. The
three residues from the N-terminus are disordered, but the remaining eight C-terminal residues are well-
ordered, which is supported by the RMSD values of the C-terminal region, Lys28-Leu34. In this region,
the RMS differences from averaged coordinates are 0.26( 0.11 Å for the backbone atoms (N, CR, C)
and 0.77( 0.21 Å for all heavy atoms, which is very low compared with those for the entire peptide.
The four amino acid residues from the N-terminus are hydrophilic and the other seven amino acid residues
in C-terminus are hydrophobic. So, our results show that the C-terminal region of amyloidâ peptide
(25-35) is buried in the membrane and assumesR-helical structure, whereas the N-terminal region is
exposed to the solvent with a flexible structure. This structure is very similar to membrane-mediated
structure of substance P previously reported. The three-dimensional structure of a non-neurotoxic mutant
of amyloidâ peptide (25-35), where Asn27 is replaced by Ala, in lithium dodecyl sulfate micelles was
also determined. The structure is similar to that of the wild type amyloidâ peptide (25-35) in the
C-terminal region, but the N-terminal flexible region is different. The structural comparison of amyloid
â peptide (25-35), its non-neurotoxic mutant and substance P gives a structural basis to understand the
mechanism of neurotoxicity caused by amyloidâ peptide.

Pathological changes of Alzheimer’s disease (AD) are
characterized by cerebral cortical atrophy as a result of
degeneration and loss of neurons. Typical histological
lesions include numerous senile plaques composed of
deposits of amyloidâ-protein (Aâ) and neurofibrillary
tangles consisting predominantly of ubiquitin and highly
phosphorylated tau proteins. According to the amyloid
hypothesis for the pathogenesis of AD (Hardy & Higgins,
1992), Aâ directly affects neurons, leading to neurodegen-
eration and formation of PHF in NFT. Consistent with this
idea, primary cultures of embryonic rat hippocampal neurons undergo progressive degeneration as well as expression of

an epitope for phosphorylated tau after exposure to Aâ (1-
40) or its fragment peptide Aâ (25-35) (Mattson et al., 1992;
Takashima et al., 1993; Yankner et al., 1990), suggesting
that Aâ might play a central role in the pathogenesis of AD.
Aâ is a 39-43 residue peptide produced by proteolytic

cleavage of membrane-associated amyloid precursor protein
(APP). Aâ spontaneously aggregates into amyloid fibrils
in Vitro (Kirschner et al., 1987), and is toxic to cultured
cortical cells (Busciglio et al., 1993; Koh et al., 1990;
Mattson et al., 1992; Yankner et al., 1990). It has been
suggested that toxicity is correlated with the degree of peptide
aggregation (Mattson et al., 1993; Pike et al., 1993;
Tomiyama et al., 1994). An active fragment of Aâ is Aâ
(25-35) having an amino acid sequence of Gly25-Ser-Asn-
Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met35 (Figure 1) (Mattson et al.,
1992; Pike et al., 1993; Yankner et al., 1990).

‡ Atomic coordinates for the 20 converged structures of amyloidâ
peptide (25-35) have been deposited with Protein Data Bank,
Brookhaven National Laboratories, Long Island, NY 11973, under the
accession code 1QCM.
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1 Abbreviations: AD, Alzheimer’s disease; Aâ, amyloidâ peptide;

NMR, nuclear magnetic resonance; CD, circular dichroism; COSY,
correlation spectroscopy; DQF-COSY, double quantum-filtered COSY;
TOCSY, total correlated spectroscopy; DSS, 2,2-dimethyl-2-silapentane-
5-sulfonic acid; HSQC, heteronuclear single-quantum coherence; IR,
infrared spectroscopy; NOESY, nuclear Overhauser effect spectroscopy;
RMSD, root mean square deviation; SDS, sodium dodecyl sulfate;
LiDS, lithium dodecyl sulfate; TFE, trifluoroethanol; WATERGATE,
water suppression by gradient-tailored excitation. Standard abbreviations
are used for usual amino acids.

FIGURE 1: Amino acid sequences of Aâ (25-35) (A), N27A-Aâ
(25-35) (B), and substance P (C).
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In order to clarify the structure-neurotoxicity relationships
of the fragment, we have analyzed its neurotoxicity by using
mutants in which each amino acid is replaced by Ala (Sato
et al., 1995). We found that the N27A mutant where Asn27

is replaced by Ala [N27A-Aâ (25-35)] (Figure 1) shows
lower neurotoxicity than the wild type despite its increased
hydrophobicity.
Aâ has been reported to form voltage-dependent ion

channels (Arispe et al., 1993a,b; Furukawa et al., 1994), and
theoritical models of the possible ion channel structure have
been proposed (Durell et al., 1994). It has also been reported
to interact with substance P receptor (Shimohigashi et al.,
1993; Yankner et al., 1990) and serpin-enzyme complex
receptor (Boland et al., 1995). These studies suggest that
the membrane-bound form of Aâ is important for neurotoxic
activity. In order to clarify the structure-function relation-
ships of Aâ, it is essential to determine the membrane-
mediated structure of Aâ and compare it with that of non-
neurotoxic mutants.
In the present study, we have analyzed the three-

dimensional structures of Aâ (25-35) and N27A-Aâ (25-
35) in a membrane-mimicking environment using NMR and
compared the structures with each other. The relationship
between structure and function of Aâ will be discussed.

MATERIALS AND METHODS

Materials. Amyloid â peptides were chemically synthe-
sized in a large quantity by the same strategy as described
previously (Sato et al., 1995). The primary structure and
purity of the synthetic peptide were confirmed by analytical
HPLC, amino acid analysis, and FAB-MS measurement.
Deuterated sodium dodecyl sulfate (SDS-d25)was purchased
from ISOTEC Inc. Deuterated lithium dodecyl sulfate
(LiDS-d25) was prepared by exchanging the sodium ion of
the deuterated sodium dodecyl sulfate by using Dowex
50W×8 (Bio-Rad) cation exchanger in a lithium ion form.
NMR Spectroscopy.The samples for NMR experiments

were prepared at a concentration of approximately 2 mM of
Aâ (25-35) or N27A-Aâ (25-35) in either 99.96%2H2O
or 90% H2O/10%2H2O containing 250 mM LiDS-d25 at pH
4.0. Under these conditions, the NMR spectra are well
resolved and no aggregation can be observed over a period
of several months. NMR measurements were performed
using standard pulse sequences and phase cycling on a
Bruker AMX-500 spectrometer operating at 500 MHz for
the proton frequency. All two-dimensional NMR spectra
were acquired in a phase-sensitive mode using the time-
proportional phase incrementation (Marion & Wu¨thrich,
1983) for quadrature detection in thet1 dimension. NOESY
spectra (Jeener et al., 1979; Macura et al., 1981) were
recorded at temperatures of 35 and 45°C with mixing times
of 75, 150, and 300 ms, respectively. TOCSY spectra were
recorded using a MLEV-17 pulse scheme (Bax & Davis,
1985) with isotropic mixing times of 50 and 80 ms. The
suppression of the solvent resonance was achieved by using
the WATERGATE scheme in both NOESY and TOCSY
spectra (Piotto et al., 1992). A DQF-COSY (Rance et al.,
1983) spectrum was recorded to obtain the constraints for
torsion angles. The suppression of the solvent resonance
was achieved by using coherence selection with a gradient-
enhanced method (Hurd, 1990; von Kienlin et al., 1991).
No selective irradiation during the relaxation delay period

was used to suppress the solvent resonance. A1H-13C
HSQC spectrum was recorded to obtain the chemical shifts
of R carbon resonances. The suppression of the solvent
resonance was achieved by using the WATERGATE scheme
(Sklenár et al., 1993). Data size for HSQC spectrum was
512 (t1) × 2048 (t2) and spectral widths were 12 kHz in the
13C dimension and 5000 Hz in the1H dimension.
Data processing was performed either on a Bruker X-32

UNIX workstation with UXNMR software or on a Kubota
Titan 750V with NMRZ software (New Methods Research
Inc.). Phase-shifted sine-squared window functions were
applied prior to Fourier transformation, with shifts ofπ/3 to
π/2 in both dimensions. Final matrix sizes were usually 2048
× 2048 real points.
Chemical shifts were referenced to the methyl resonance

of 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) used as
an internal standard. Complete sets of the two-dimensional
spectra were recorded at 35°C and pH 4.0 (uncorrected meter
readings).
Distance Constraints and Structure Calculations.Inter-

proton distance restraints were obtained from the NOESY
spectra with mixing times of 75, 150, or 300 ms. Quantita-
tive determination of cross-peak intensities was based on the
counting of the contour levels. All NOE data were divided
into three classes, strong, medium, and weak, corresponding
to distance upper limits of 2.5, 3.5, and 5.0 Å in the inter-
proton distance restraints. Pseudo-atoms were used for non-
stereospecifically assigned protons, and intra-residue and
long-range correcting factors were added to the distance
restraints, respectively (Wu¨thrich et al., 1983). In addition,
0.5 Å was added to the upper limits for distance restraints
involving methyl protons (Clore et al., 1987).
All calculations were carried out on an HP 9000/720

workstation with the X-PLOR 3.1 program (Bru¨nger, 1993).
The three-dimensional structures were calculated on the basis
of the experimentally derived distance and torsion angle
constraints using a dynamically simulated annealing protocol
starting from a template structure with randomized backbone
φ andψ torsion angles.
EValuation Methods.The convergence of the calculated

structures was evaluated in terms of the structural parameters,
i.e., RMS deviations from experimental distance and dihedral
constraints, the values of energetic statistics (FNOE, Ftor, and
Frepel), and RMS deviations from idealized geometry. The
distribution of backbone dihedral angles of the final con-
verged structures were evaluated by the representation of
the Ramachandran dihedral pattern, indicating the deviations
from the sterically allowed (φ, ψ) angle limits (Ramachan-
dran et al., 1963). The degree of angular variation among
the converged structures were further assessed by using an
angular order parameterS (Davis et al., 1993; Hyberts et
al., 1992). The order parameterSwas calculated by using
the following equation.

N is the number of total converged structures.θj is a
particular dihedral angle of thejth structure of the total
structures.
Temperature Coefficients and NH-Hydrogen Exchange.

Temperature coefficients (-∆δ/∆T, ppb) were obtained using

S)
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data from TOCSY spectra acquired at 15.0, 20.0, 25.0, 30.0,
and 35.0°C and were calculated from plots of chemical shift
versus temperature which were linear for all amide protons
in both Aâ (25-35) and N27A-Aâ (25-35). For slowly
exchanging backbone amide protons, the sample lyophilized
from H2O was redissolved in2H2O and identified by analysis
of TOCSY spectra recorded at time scales of 0.5, 2.0, 3.5,
5.0, 6.5, and 8.0 h. A complete set of the two-dimensional
spectra was recorded at 15°C.

RESULTS

Sequential Resonance Assignments and Chemical Shifts.
Sequence-specific resonance assignments were made ac-
cording to the standard method established by Wu¨thrich and
co-workers (1986). The proton resonances of both Aâ (25-
35) and N27A-Aâ (25-35) were assigned to the spin systems
of specific amino acid types by analyzing scalar coupling
patterns observed in DQF-COSY and TOCSY spectra. The
identified spin systems were then aligned along the primary
structure of the molecule through inter-residue sequential
NOEs observed on the NOESY spectra. Inter-residue
sequential connectivities were carried out by analysis of the
CRH(i)-NH(i+1) (dRN), NH(i)-NH(i+1) (dNN), and CâH(i)-
NH(i+1) (dâN) NOEs.
Since Ser, Asn, Lys, Ala, Leu, and Met are present only

once in the primary sequence of Aâ (25-35), these residues
were used as starting points for the sequential assignment
process. In particular, the assignment of Ser26, Lys28, Ala30,
and Met35 resonances were straightforward. The spin system
for Ala30 residue was assigned through the observation of
strong cross-peaks between methyl protons and CRH in the
DQF-COSY spectrum and the magnetization transfer from
CRH to CâH3 in the TOCSY spectrum. The assignment of
resonances of N27A-Aâ (25-35) was assisted by the
assignment of Aâ (25-35).
Figure 2A and 2B show the CRH-NH fingerprint region

of the NOESY spectrum containing sequentialdRN(i, i+1)
connectivities of Aâ (25-35) and N27A-Aâ (25-35),
respectively. The complete sequence-specific resonance
assignments of both Aâ (25-35) and N27A-Aâ (25-35)
summarized in Table 1. Figure 3 represents sequential NOE
connectivities observed in the 300 ms NOESY spectrum.
The proton chemical shifts of each residue of Aâ (25-

35) and N27A-Aâ (25-35) is similar to each other,
especially, in the C-terminal portion of Gly29-Met35. The
differences in the portion between two peptides are almost
negligible (Table 1), which suggest the structural similarity
in this portion. In the N-terminal region, however, there are
small differences of the proton chemical shifts. For example,
the differences of the chemical shifts of CRH of Ser26 and
Lys28 are larger than 0.08 ppm between Aâ (25-35) and
N27A-Aâ (25-35), which suggest the structural differences
in the N-terminal region.
Dihedral Angles. The backbone NH-CRH coupling

constants were estimated on the DQF-COSY spectrum and
were converted to backbone torsion angleφ constraints
according to the following rules:3JNH-CRH less than 5.5 Hz
constrained theφ angle to the range of-65 ( 25°, and
3JNH-CRH greater than 8.0 Hz constrained to the range of-120
( 40° (Pardi et al., 1984). In the case of Aâ (25-35), four
residues (Lys28, Ala30, Ile31, and Ile32) with 3JNH-CRH less than
5.5 Hz and the other residues except for Gly29 and Gly33

with 3JNH-CRH between 5.5 and 8.0 Hz, a total of four
backbone torsionφ angles were constrained. In the case of
N27A-Aâ (25-35), four residues (Ala27, Lys28, Ala30, and
Ile31) with 3JNH-CRH less than 5.5 Hz and the other residues
except for Gly29 and Gly33 with 3JNH-CRH between 5.5 and
8.0 Hz, a total of four backbone torsionφ angles were
constrained. For both peptides, residues 29 and 33 are
glycines. Therefore3JNH-CRH values for these residues were
not determined.
Secondary Structure. The regular secondary structure

elements of Aâ (25-35) and of N27A-Aâ (25-35) were
identified according to standard criteria (Wu¨thrich et al.,
1984). The extents ofR-helices were based on small
3JNH-CRH coupling constants, strong sequentialdNN, strong
dRâ(i,i+3). The representation of the CRH or CR chemical

FIGURE2: Portions of the 500 MHz two-dimensional NMR spectra
of 2.0 mM Aâ (25-35) and N27A-Aâ (25-35) in 250 mM of
LiDS-d25 and 90% H2O/10%2H2O at pH 4.0 and 35°C. Sequential
dRN(i,i+1) NOE connectivities for residues from 25 to 35 in the
NOESY spectrum observed with a mixing time of 300 ms of Aâ
(25-35) (A) and N27A-Aâ (25-35) (B). In the spectral portions,
the intra-residue NH-CRH cross-peaks are labeled with the residue
number by standard single-letter amino acid abbreviations.
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shift also served as a good indicator, identifying the presence
or location of secondary protein structure by using the
comparative deviation of the chemical shifts of CRH or CR

from those in random-coil structure (Spera & Bax, 1991;
Wishart et al., 1992). On the basis of the results summarized
in Figure 4, both Aâ (25-35) and N27A-Aâ (25-35) consist
mainly of R-helices at least in the middle of the sequence.

Structure Calculations and EValuation. To determine the
three-dimensional structures of Aâ (25-35) and N27A-Aâ
(25-35) in solution, we carried out the structural calculation
using an X-PLOR simulated annealing protocol. In the case
of Aâ (25-35), the input data of the NMR experimental
constraints consisted of 106 distance and four dihedral
constraints. All 106 distance constraints include 48 intra-

Table 1: Chemical Shifts (in ppm) of1H Resonances of Aâ at 35°C and pH 4.0a

residue NH CRH CâH others

(A) Aâ (25-35)
Gly25 b b
Ser26 8.59 4.55 3.89, 3.94
Asn27 8.45 4.80 2.84, 2.84 NδH 6.85, 7.47
Lys28 8.12 4.15 1.85, 1.85 CγH 1.43, 1.50; CδH 1.71, 1.71; CεH 3.03, 3.03
Gly29 8.37 3.84, 4.02
Ala30 7.88 4.21 1.48
Ile31 7.86 3.94 2.03 CγH3 0.94; CγH 1.26, 1.60; CδH 0.90
Ile32 7.64 4.00 1.94 CγH3 0.97; CγH 1.29, 1.56; CδH 0.91
Gly33 7.85 3.89, 3.99
Leu34 7.66 4.33 1.82, 1.82 CγH 1.62; CδH 0.88, 0.94
Met35 7.53 4.33 2.07, 2.15 CγH 2.53, 2.62

(B) N27A-Aâ (25-35)
Gly25 b b
Ser26 8.51 4.64 3.95, 4.02
Ala27 8.49 4.21 1.49
Lys28 8.10 3.97 1.84, 1.84 CγH 1.43, 1.51; CδH 1.75, 1.75; CεH 3.00, 3.00
Gly29 8.12 3.83, 3.92
Ala30 7.88 4.23 1.52
Ile31 7.83 3.89 2.01 CγH3 0.94; CγH 1.25, 1.70; CδH 0.87
Ile32 7.89 3.95 1.96 CγH3 0.98; CγH 1.34, 1.62; CδH 0.90
Gly33 7.86 3.91, 4.02
Leu34 7.68 4.36 1.90, 1.90 CγH 1.64; CδH 0.92, 0.96
Met35 7.48 4.31 2.08, 2.17 CγH 2.54, 2.67

a The 1H chemical shifts are referenced to internal 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS).bNot detected.

FIGURE 3: Summary of the NOE connectivities and3JNH-CRH coupling constants observed in Aâ (25-35) (A) and N27A-Aâ (25-35) (B).
These structural parameters were used for the sequence-specific assignments and the identification of secondary structure elements in both
Aâ (25-35) and N27A-Aâ (25-35). The NOEs,dNN, dRN, anddâN are indicated by bars between two residues. The NOEs are classified
into strong, medium and weak according to the height of the filled bars. Values of3JNH-CRH coupling constants are indicated byV (<5.5 Hz)
symbols. As for residues 25 and 33,3JNH-CRH were not determined because they are glycine residues.

NMR Structures of Amyloidâ Peptides Biochemistry, Vol. 35, No. 50, 199616097

+ +

+ +



residue and 58 inter-residue NOE distance constraints. In
the case of N27A-Aâ (25-35), the input data of the NMR
experimental constraints consisted of 114 distance and four
dihedral constraints. All 114 distance constraints include
53 intra-residue and 61 inter-residue NOE distance con-
straints.
Simulated annealing calculations were started from 100

initial random structures for each peptide. We selected 20

and 16 final solution structures with the lowest energy for
Aâ (25-35) and N27A-Aâ (25-35), respectively, that were
in good agreement with the NMR experimental constraints,
for which the NOE distance and torsion angle violation were
smaller than 0.5 Å and 5°, respectively. Structural statistics
for the mean and converged structures for both Aâ (25-35)
and N27A-Aâ (25-35) were evaluated in terms of structural
parameters, as shown in Table 2. The convergence was

FIGURE 4: Chemical shift indices of the CRH resonances and deviation of13CR resonances from random coils for Aâ (25-35) (A) and
N27A-Aâ (25-35) (B). The chemical shift indices of the CRH resonances are indicated by ternary indices with values of-1, 0, and 1. The
values of-1 and 1 indicate a shift deviation from the random-coil value of greater than 0.1 ppm upfield and downfield, respectively,
whereas those within the range of random-coil value are indicated by 0 (Wishart & Sykes, 1994; Wishart et al., 1992).

Table 2: Structural Statistics for Aâ (25-35) and N27A-Aâ (25-35)a

structural parameter
converged
structures mean structure

Aâ (25-35) 20 converged
RMS deviations from experimental distance constraints (Å)
all (106) 0.063( 0.005 0.058
intraresidue (48) 0.080( 0.008 0.074
sequential (35) 0.047( 0.008 0.042
medium-range (|i - j| < 5) (23) 0.036( 0.007 0.035

RMS deviation from experimental dihedral constraints (deg) (4) 0.062( 0.226 0.0
energetic statistics (kcal mol-1)b

FNOE 21.0( 3.7 17.6
Ftor 0.013( 0.056 0.0
Frepel 1.24( 0.78 0.9

RMS deviations from idealized geometry
bonds (Å) 0.004( 0.0003 0.004
angles (deg) 0.355( 0.043 0.333
impropers (deg) 0.300( 0.026 0.290

N27A-Aâ (25-35) 16 converged
RMS deviations from experimental distance constraints (Å)
all (114) 0.050( 0.002 0.044
intraresidue (53) 0.062( 0.002 0.058
sequential (32) 0.013( 0.007 0.012
medium-range (|i - j| < 5) (29) 0.048( 0.008 0.032

RMS deviation from experimental dihedral constraints (deg) (4) 1.088( 0.290 0.59
energetic statistics (kcal mol-1)b

FNOE 13.7( 1.1 10.5
Ftor 0.31( 0.15 0.09
Frepel 3.78( 1.23 3.4

RMS deviations from idealized geometry
bonds (Å) 0.004( 0.0002 0.004
angles (deg) 0.454( 0.023 0.420
impropers (deg) 0.403( 0.025 0.376

a The converged structures refer to the final set of dynamical simulated annealing structures starting from 100 initial random structures; the mean
structure was obtained by restrained minimization of the averaged coordinate of the individual structures. The number of each experimental constraint
used in the calculations are given in parentheses.b FNOE, Ftor, andFrepel are the energies related to the NOE violations, the torsion angle violations
and the van der Waals repulsion term, respectively. The values of the force constants used for these terms are the standard values as depicted in
X-PLOR 3.1 manual.
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further assessed by the (φ, ψ) spacing for all selected
structures. In a Ramachandran-type plots (Figure 5A,B), the
backbone dihedral angles for the all residues of the final
converged structures fall either in theR-helical region or in
generally allowed regions for both Aâ (25-35) and N27A-
Aâ (25-35).
The overall convergence for the final set of structures can

be quantified by an atomic RMSD value. In the case of Aâ
(25-35), the RMS differences from the averaged coordinate
positions were 1.04( 0.25 Å for the backbone atoms (N,
CR, C) and 1.39( 0.27 Å for all heavy atoms. For the same
atom selection, the average pairwise RMSD of the 20
individual structures were 1.44( 0.53 Å and 1.99( 0.50
Å, respectively (Table 3). In the case ofΝ27Α-Αâ (25-
35), the RMS differences from the averaged coordinate
positions were 0.49( 0.08 Å for the backbone atoms (N,
CR, C) and 1.11( 0.13 Å for all heavy atoms. For the same
atom selection, the average pairwise RMSD of the 16
individual structures was 0.70( 0.18 Å and 1.60( 0.30 Å,
respectively (Table 3). Both peptides show rather high
RMSD values. That would be because N-terminal portion
of each peptide is disordered. This explanation is supported
by low RMSD value in the C-terminal region of each peptide
described below.
Figures 6B and 6C show the distribution of the atomic

RMSD for the 20 converged structures of Aâ (25-35) fitted

over the backbone heavy atoms (N, CR, C, O) of residues
Lys28-Leu34 of the mean structure as a function of the residue
number. The backbone structure is well defined through
Lys28-Leu34 of the molecule. This is supported by RMSD
values of Lys28-Leu34 region. In this region, the RMS
differences from the averaged coordinate positions were 0.26
( 0.11 Å for the backbone atoms (N, CR, C) and 0.77(
0.21 Å for all heavy atoms. For the same atom selection,
the average pairwise RMSD was 0.38( 0.15 Å and 1.11(
0.31 Å, respectively (Table 3). However, the portion of
N-terminal three residues, Gly25 and Ser26, is rather disor-
dered. The disorder in this region corresponds to order
parameterS(Figure 6D). Onlyψ of Gly25, φ andψ of Ser26,
andφ of Asn27 have lower angular order parameters (S<
0.8) among all theφ andψ angles.
Figures 6F and 6G show the distribution of the atomic

RMSD for the 16 converged structures of N27A-Aâ (25-
35) fitted over the backbone heavy atoms (N, CR, C, O) of
residues Lys28-Leu34 of the mean structure as a function of
the residue number. The backbone structure is well defined
through Ala27-Leu34 of the molecule. This is supported by
the RMSD values of the Lys28-Leu34 region. In this region,
the RMS differences from the averaged coordinate positions
were 0.16( 0.08 Å for the backbone atoms (N, CR, C) and
0.88 ( 0.15 Å for all heavy atoms. For the same atom
selection, the average pairwise RMSD was 0.24( 0.11 Å

FIGURE 5: Ramachandran plots of the backbone conformational (φ, ψ) angles for all residues of the converged structures of Aâ (25-35)
(A) and N27A-Aâ (25-35) (B). The circles (O) indicate glycine residues and the crosses (×) indicate other residues.

Table 3: Root Mean Square Differences for the Converged Structures of Aâ (25-35) and N27A-Aâ (25-35)a

atomic RMS differences of converged
structures versus mean structure (Å)

average pairwise RMS differences
for converged structures (Å)

residues 25-35 residues 28-34 residues 25-35 residues 28-34

Aâ (25-35) (20 converged structures)
backbone
(N, CR, C) 1.04( 0.25 0.26( 0.11 1.44( 0.53 0.38( 0.15
(N, CR, C, O) 1.02( 0.23 0.30( 0.14 1.42( 0.48 0.45( 0.19

all heavy atoms 1.39( 0.27 0.77( 0.21 1.99( 0.50 1.11( 0.31

N27A-Aâ (25-35) (16 converged structures)
backbone
(N, CR, C) 0.49( 0.08 0.16( 0.08 0.70( 0.18 0.24( 0.11
(N, CR, C, O) 0.53( 0.06 0.20( 0.09 0.76( 0.18 0.29( 0.12

all heavy atoms 1.11( 0.13 0.88( 0.15 1.60( 0.30 1.27( 0.33
a The RMSD values were obtained by fitting the backbone atoms (N, CR, C, O) coordinates for the residues of the converged structures. The

numbers given for the backbone and all heavy atoms represent the mean values( standard deviations.

NMR Structures of Amyloidâ Peptides Biochemistry, Vol. 35, No. 50, 199616099

+ +

+ +



and 1.27( 0.33 Å, respectively (Table 3). However, a
portion of N-terminal two residues, Gly25 and Ser26, is rather
disordered. In the N-terminal region, only theψ of Gly25

andφ of Ser26 have lower angular order parameters (S <
0.8).
Description of the Three-Dimensional Structure. Figures

7A and 7B show stereopair representations of the best-fit
superposition of the backbone heavy atoms (N, CR, C) of

Lys28-Leu35 for the 20 and 16 converged structures of Aâ
(25-35) and N27A-Aâ (25-35), respectively. Analysis of
the 20 and 16 converged structures indicates that both the
molecular structures of Aâ (25-35) and N27A-Aâ (25-
35) contain anR-helical region in the C-terminal part of the
sequence. In the case of Aâ (25-35), the extent ofR-helix
is from Lys28 to Met35, which is identified from the
Ramachandran plot (Figure 5A) and the order parameters

FIGURE 6: Backbone variability by residue of Aâ (25-35) (A-D) and N27A-Aâ (25-35) (E-H), respectively. (A, E) Distribution of the
number of experimental distance constraints as a function of the sequence position of Aâ (25-35) and N27A-Aâ (25-35), respectively.
Filled bars, intra-residue NOEs; hatched bars, sequential NOEs; stippled bars, medium-range NOEs; open bars, all long-range constraints.
(B, C, F, G) Distribution of the RMS distance of the backbone (B and F) and all heavy atoms (C and G) from the mean structure as a
function of residue number is shown together with the standard deviations in these values. (D, H) Filled bars, the order parameterSof the
φ; shaded bars, the order parameterSof theψ, 0 ) randomly distributed, and 1) perfectly aligned.
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of φ andψ (Figure 6D). In the case of N27A-Aâ (25-35),
the extent ofR-helix is from Ala27 to Met35 (Figure 5B and
6H). The N-terminal region of both peptides is disordered;
from Gly25 to Asn27 for Aâ (25-35) and from Gly25 to Ser26

for N27A-Aâ (25-35). This non-helical region is identified
from Figures 8A and 8B in which the averaged structures
with ribbon diagrams of Aâ (25-35) and N27A-Aâ (25-
35) are shown, respectively.
Temperature Coefficients and NH-Hydrogen Exchange.

The temperature dependence of the amide proton chemical
shift indicates whether it is protected from exchange with
the solvent. For a random-coil peptide in water, the
temperature coefficients of the amide proton resonances are
expected to be 6e -∆δ/∆T e 10 ppb, whereas for amide

protected from exchange with the solvent these values are
expected to decrease to-∆δ/∆Te 5 ppb (Rose et al., 1985).
The temperature coefficients for the amide backbone protons
of Aâ (25-35) and N27A-Aâ (25-35) are shown in Table
4. The decreased temperature coefficients of the amides of
C-terminal three residues in both Aâ (25-35) and N27A-
Aâ (25-35) suggest that these residues would be deeply
buried in the micelles. We also determined the time of
disappearance of each amide proton resonances after the
solvent was exchanged from H2O to 2H2O (Table 4). The
results of NH-hydrogen exchange show that the amide
protons in the C-terminal region of bothâ (25-35) and
N27A-Aâ (25-35) are protected against the solvent. These
data suggest that C-terminal region of bothâ (25-35) and

FIGURE 7: Stereopairs of backbone heavy atoms (N, CR, and C) for the 20 and 16 converged structures of Aâ (25-35) (A) and N27A-Aâ
(25-35) (B), respectively. These are the results of the best-fit superposition of the backbone heavy atoms (N, CR, C) of Lys28-Leu35 shown
using MIDAS Plus (Ferrin et al., 1988).

FIGURE 8: Averaged structures with ribbon diagrams of Aâ (25-35) (A) and N27A-Aâ (25-35) (B).
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N27A-Aâ (25-35) is deeply buried in the micelles, whereas
N-terminal region is exposed to the solvent.

DISCUSSION

Structural Features of Aâ (25-35) in a Membrane-
Mimicking EnVironment. In the present study, we have
determined the first high-resolution solution structure of the
neurotoxic Aâ (25-35) and its non-neurotoxic mutant
[N27A-Aâ (25-35)] in the membrane-mimicking environ-
ment by NMR spectroscopy. The previous reports show that
Aâ (1-28) adopts anR-helical conformation in a membrane-
mimicking environment (Barrow et al., 1992; Barrow &
Zagorski, 1991; Talafous et al., 1994). However, this region
does not possess neurotoxic activity by itself. Recently, a
structural model for the amyloidâ fibril comprising Aâ (34-
42) was analyzed by13C solid-state NMR spectroscopy
(Lansbury et al., 1995). In this model, the peptide Aâ (34-
42) forms an anti-parallelâ-sheet structure. Hilbich et al.
(1991) proposed that aggregated Aâ (10-42) adopts a
â-sheet conformation with a centralâ-turn from residues
Ser26 to Gly29. These model suggest the structurural features
of Aâ in the amyloid fibril.
Previous work also established that in membrane systems,

the amyloidâ peptide does not aggregate, but produces
voltage-dependent ion channels (Arispe et al., 1993a,b).
Theoretical models of the possible ion channel structure of
amyloid â-peptide have also been reported (Durell et al.,
1994).
Very recently, Sticht et al. (1995) reported a tertiary

structure of Aâ (1-40) in a 40%mixture of deuterated 2,2,2-
trifluoroethanol (TFE) and water, in which two helices, Gln15-
Asp23 and Ile31-Met35, were found as main secondary-
structure elements. However, SDS micelles are a more
suitable model for the essentially anisotropic native mem-

brane environment than the mixture of water and organic
solvent such as TFE is (Pervushin & Arseniev, 1992).
Moreover, Aâ (25-35) in LiDS micelles is very stable; it
did not aggregate for at least several months, whereas Sticht
et al. (1995) reported that Aâ (1-40) in a 40% mixture of
deuterated TFE and water was stable only for 3 days. In
this study, we used LiDS micelles instead of SDS micelles,
because LiDS is more soluble than SDS is, especially at low
temperature (Henry & Sykes, 1994). Therefore, our structure
probably shows a more likely model for Aâ in the biological
membrane.
The structure of Aâ (25-35) in the LiDS micelles which

we have shown in this study consists of anR-helix in the
C-terminal region and a disordered stretch in the N-terminal
region. This structure in micelles is different from those in
aggregated form previously reported (Hilbich et al., 1991;
Lansbury et al., 1995). As for the amino acid sequence, the
four amino acid residues from the N-terminus are rather
hydrophilic and the other seven amino acid residues in
C-terminus are rather hydrophobic. From the amino acid
sequences and temperature coefficients of amide proton
chemical shifts, it is suggested that the C-terminal region of
Aâ (25-35) is buried in the membrane and assumes
R-helical structure, whereas the N-terminal region is exposed
to the solvent with a flexible structure. The structure and
function relationships of Aâ (25-35) will be discussed later.
Aâ (25-35) and Ion Channels. So far, many hypotheses

have been proposed to explain the neurotoxicity induced by
Aâ. Previous work reported that Aâ forms voltage-depend-
ent ion channels (Arispe et al., 1993a,b). Theoretical models
of the possible ion channel structure of amyloidâ-peptide
are also reported (Durell et al., 1994). From the NMR study
of Aâ (1-28) in TFE solvent, Talafous (1994) showed the
similarity between the structure of Aâ (1-28) and that of
alamethicin (Fox & Richards, 1982) and melittin (Terwilliger
& Eisenberg, 1982) and proposed that the Aâ ion channel
consists of a tetramericR-helical structure. Furukawa et al.
(1994) speculated that the pores in the cell membrane are
made by Aâ (25-35). In the case of Aâ (25-35), however,
the three-dimensional structure in the micelles determined
in this study consists ofR-helix with extended N-terminal
region. To span the native lipid bilayer as anR-helix, at
least twenty amino acid residues are needed (Henry & Sykes,
1994). Therefore, it is seems to be impossible for Aâ (25-
35) to form an ion channel in the native lipid bilayer.
Another mechanism should be considered to explain the
neurotoxicity caused by Aâ (25-35).
Comparison of the Structures of Aâ (25-35) and N27A-

Aâ (25-35). In the present study, we have not only
determined the structure of Aâ (25-35) but also that of
N27A-Aâ (25-35), which is a non-neurotoxic mutant, as
shown in our previous report (Sato et al., 1995). In this
mutant, a hydrophilic residue, Asn27, is replaced by a
hydrophobic residue, Ala. We suspected that this mutant
might show higher hydrophobicity and more toxicity due to
increased hydrophobicity. But it was less potent than Aâ
(25-35). Therefore, it is important to compare the structures
of Aâ (25-35) and N27A-Aâ (25-35) to understand the
mechanism of neurotoxicity of Aâ.
Here, we have elucidated the both structures of Aâ (25-

35) and N27A-Aâ (25-35) in LiDS micelles. Both struc-
tures possess anR-helix in the C-terminal region, but the
structure of N-terminal region of the peptides is slightly

Table 4: Temperature Coeffcients and NH-Hydrogen Exchange
Time for Aâ (25-35) and N27A-Aâ (25-35)

residue -∆δ/∆T× 1000a hb

(A) Aâ (25-35)
Gly25 c c
Ser26 6.2 0.5
Asn27 3.9 0.5
Lys28 1.4 0.5
Gly29 7.1 0.5
Ala30 4.7 2.0
Ile31 4.6 >8.0
Ile32 6.5 >8.0
Gly33 2.4 5.0
Leu34 3.0 >8.0
Met35 0.4 >8.0

(B) N27A-Aâ (25-35)
Gly25 c c
Ser26 4.9 0.5
Ala27 6.0 0.5
Lys28 5.8 0.5
Gly29 4.1 2.0
Ala30 3.5 3.5
Ile31 9.6 >8.0
Ile32 5.0 >8.0
Gly33 2.6 5.0
Leu34 2.0 >8.0
Met35 0.8 >8.0

a Temperature coefficient values. Uncertainty in the temperature
coefficient values is(0.5 ppb/K.b The time when the amide proton
resonance disappeared in TOCSY spectrum after the solvent was
exchanged.c Not detected (N-terminus).
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different from each other. In the case of Aâ (25-35),
N-terminal region are more flexible than that of N27A-Aâ
(25-35). In LiDS micelles, the hydrophilic N-terminal
region of Aâ (25-35) is assumed to expose to solvent,
whereas hydrophobic C-terminal region is assumed to be
buried in the micelles. So the difference of the structure of
the N-terminal region of Aâ (25-35) and N27A-Aâ (25-
35) may correspond to the difference of the condition of
solvent-exposed region of Aâ peptides.

Comparison of the Structures of Aâ (25-35) and Sub-
stance P. Recently, we showed that Aâ (25-35) inactivates
phosphatidyl inositol-3 kinase in hippocampal culture (Takash-
ima et al., 1996), which suggests the possibility that Aâ (25-
35) exerts its activity by interacting with cell surface
receptors. In this regard, it is important to interpret the
tertiary structure of Aâ bound within the membrane, which
is possibly an active conformation for interaction with a
receptor. Formerly, it was reported that Aâ function as a
peptide ligand of substance P receptors with some patho-
physiologic activities (Shimohigashi et al., 1993). Another
work reported that Aâ is recognized by the separin-enzyme
complex receptor in hepatoma cells and neuronal cells
(Boland et al., 1995). Sequence similarity between Aâ (25-
35) and substance P was first noticed by Yankner et al.
(1990) (Figure 1). Shimohigashi et al. (1993) have shown
that Aâ (21-35)-NH2 is a highly selective agonist of
substance P receptors (NK-1) among three tachykinin recep-
tor subtypes. The three mammalian tachykinins or neuro-
kininsssubstance P, neurokinin A, and neurokinin Bsare
reported to bind selectively to three distinct tachykinin
receptor subtype, NK-1, NK-2, and NK-3, sites, respectively
(Buck & Burcher, 1986; Laufer et al., 1986; Regoli et al.,
1987). The membrane-mediated structure of substance P was
predicted by Schwyzer et al. (1986). In this prediction, the
C-terminal message-containing nonapeptide segment of
substance P is almost perpendicularly oriented to the
membrane in theR-helical domain, whereas the N-terminal
segment remains in the aqueous phase as a random-coil
domain. Such a conformation of substance P in the
membrane was confirmed using CD (Rolka et al., 1986) and
IR (Erne et al., 1986). Young et al. (1994) reported the three-
dimensional structure of substance P in the presence of 15
mM SDSmicelles determined by using NMR. This structure
corresponds to the predicted structure. The NMR structure
of substance P consists of an N-terminal flexible region of
three residues and a C-terminal helical region. In the case
of substance P, the membrane-mediated structure is essential
for the binding to its specific receptors (Schwyzer, 1987).
The structure of Aâ (25-35) in LiDS micelles shown in the
present study (Figure 8) is very similar to this membrane-
mediated structure of substance P. The structure of Aâ (25-
35) consists of an N-terminal flexible region of three residues
and a C-terminal helical region. This similarity gives the
structural evidence that Aâ (25-35) interacts with a mem-
brane protein such as a substance P receptor in a same
manner as substance P.

Structure-Function Relationships of Aâ. Our previous
report shows that N27A-Aâ (25-35) where Asn27 is replaced
by Ala shows lower neurotoxicity than wild type despite of
its increase of hydrophobicity (Sato et al., 1995). The results
of sedimentation measurements indicate that N27A-Aâ (25-
35) has the tendency not to aggregate (Sato et al., 1995).

One explanation for the relationship between the aggrega-
tion tendency of each Aâ (25-35) mutant and its neurotox-
icity is as follows. Aâ (25-35) shows neurotoxicity when
it binds to the membrane and assumes the appropriate
structure similar to the membrane-mediated structure of
substance P. And an intermediate between monomer and
highly-aggregated form may have a high affinity for the
membrane. So the correlation between the aggregation and
neurotoxicity may be attributed to the correlation between
the contents of intermediates and neurotoxicity. In this
regard, it may be that N27A-Aâ (25-35) has weak neuro-
toxic activity because this mutant has a lower tendency to
form aggregate intermediates needed for binding to the
membrane.
Another reason why N27A-Aâ (25-35) has weak neu-

rotoxic activity may be explained from the comparison of
the membrane-mediated structures of Aâ (25-35), N27A-
Aâ (25-35), and substance P. In the last section we have
shown that Aâ (25-35) assumes a membrane-mediated
structure very similar to that of substance P. Both structures
consist of N-terminal flexible region exposed to the solvent
and C-terminal helical region buried in the membrane. In
the case of N27A-Aâ (25-35), the membrane-mediated
structure is rather different from the structures of Aâ (25-
35) and substance P. It has a C-terminal helical region, but
its N-terminal region is more rigid and not so extended
compared with those of Aâ (25-35) and substance P. This
suggests that N27A-Aâ (25-35) is buried in the membrane
in a manner different from that of Aâ (25-35) or substance
P. In N27A-Aâ (25-35), a hydrophilic residue, Asn27, is
replaced by a hydrophobic residue, Ala. N27A-Aâ (25-
35) may be more deeply buried in the membrane than Aâ
(25-35) and substance P. This difference may cause a
reduced or loss of the activity of N27A-Aâ (25-35) for
binding to the specific membrane protein, like the substance
P receptor.
In conclusion, we have determined the membrane-medi-

ated structures of Aâ (25-35) and N27A-Aâ (25-35). The
structure of Aâ (25-35) consists of N-terminal flexible
region and C-terminal helical region and is very similar to
that of substance P whereas that of N27A-Aâ (25-35) is
rather different. This comparison gives a structural basis to
understand the mechanism of neurotoxicity caused by Aâ.
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