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ABSTRACT. The three-dimensional structure of amylgigheptide (25-35), which has neurotoxic activity,

in lithium dodecyl sulfate micelles was determined by two-dimensidhlaNMR spectroscopy with
simulated annealing calculations. A total of 20 converged amyigidptide 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 angjeconstraints. The atomic root mean
square difference about averaged coordinates is +.0425 A for the backbone atoms (NCC) and

1.39+ 0.27 A for all heavy atoms of the entire peptide. The molecular structure of amlpaptide

in membrane-mimicking environment is composed of a shonelix 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 regiod®-Lgs2*. In this region,

the RMS differences from averaged coordinates are &2611 A for the backbone atoms (N*QC)

and 0.77+ 0.21 A 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 arnfyfmgtide
(25—35) is buried in the membrane and assuradselical 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 amyloid 3 peptide (25-35), where As# is replaced by Ala, in lithium dodecyl sulfate micelles was

also determined. The structure is similar to that of the wild type amyfojkptide (25-35) in the
C-terminal region, but the N-terminal flexible region is different. The structural comparison of amyloid

B peptide (25-35), its non-neurotoxic mutant and substance P gives a structural basis to understand the
mechanism of neurotoxicity caused by amylg@igheptide.

Pathological changes of Alzheimer’'s disease (AD) are 25 35

characterized by cerebral cortical atrophy as a result of A (25-35) GSNKGATIGLM
degeneration and loss of neurons. Typical histological

lesions include numerous senile plaques composed of

deposits of amyloids-protein (A3) and neurofibrillary N27A-Ap 2535 GSAKGATIIGLM
tangles consisting predominantly of ubiquitin and highly 1 11
phosphorylated tau proteins. According to the amyloid substance P RPKPQQFFGLM

hypothesis for the pathogenesis of AD (Hardy & Higgins, ) _ ) -
1992), A3 directly affects neurons, leading to neurodegen- Fé%ﬂRsEs)l‘(B'?ngﬂg gg'gsts;nqcueegc(eé)?fﬂq(% 35) (A), N27TA-AB

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 exposurefd -

# Atomic coordinates for the 20 converged structures of amyloid  40) or its fragment peptide/A(25—35) (Mattson et al., 1992;

peptide (25-35) have been deposited with Protein Data Bank, ; . :
Brookhaven National Laboratories, Long Island, NY 11973, under the Takashima et al., 1993; Yankner et al., 1990), suggesting

accession code 1QCM. that A3 might play a central role in the pathogenesis of AD.
* To whom correspondence should be addressed. FAR1(427)- Ap is a 39-43 residue peptide produced by proteolytic
24-6317. E-mail: tkohno@libra.ls.m-kagaku.co.jp. cleavage of membrane-associated amyloid precursor protein

§ Mitsubishi Kasei Institute of Life Sciences. . e
I Kitasato University. (APP). A3 spontaneously aggregates into amyloid fibrils

® Abstract published it\dvance ACS Abstractdlovember 15,1996, N U_itro (Kirschner et _a|-: 1987), and is toxic to cultured
1 Abbreviations: AD, Alzheimer's diseasepAamyloid3 peptide; cortical cells (Busciglio et al., 1993; Koh et al., 1990;

NMR, nuclear magnetic resonance; CD, circular dichroism; COSY, Mattson l.. 1992: Yankner .1 It h n
correlation spectroscopy; DQF-COSY, double quantum-filtered COSY; attson et al., 1992; Yankner et al., 1990). It has bee

TOCSY, total correlated spectroscopy; DSS, 2,2-dimethyl-2-silapentane- SUggested that toxicity is correlated with the degree of peptide
5-sulfonic acid; HSQC, heteronuclear single-quantum coherence; IR, aggregation (Mattson et al., 1993; Pike et al., 1993;
infrared spectroscopy; NOESY, nuclear Overhauser effect spectroscopy;Tomiyama et al., 1994). An active fragment ofAs A

RMSD, root mean square deviation; SDS, sodium dodecyl! sulfate; - ; ; ; _ -
LiDS, lithium dodecyl sulfate; TFE, trifluoroethanol; WATERGATE, (25-35) having an amino acid sequence of &iger-Asn

water suppression by gradient-tailored excitation. Standard abbreviationsl—ys'G|Y'_A|a'||e'||e'G|Y'|-eU'Meﬁs (Figure 1) (Mattson et al.,
are used for usual amino acids. 1992; Pike et al., 1993; Yankner et al., 1990).
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In order to clarify the structure-neurotoxicity relationships was used to suppress the solvent resonancetHAC
of the fragment, we have analyzed its neurotoxicity by using HSQC spectrum was recorded to obtain the chemical shifts
mutants in which each amino acid is replaced by Ala (Sato of a carbon resonances. The suppression of the solvent
et al., 1995). We found that the N27A mutant where Zsn  resonance was achieved by using the WATERGATE scheme
is replaced by Ala [N27A-f (25—35)] (Figure 1) shows  (Sklena et al., 1993). Data size for HSQC spectrum was
lower neurotoxicity than the wild type despite its increased 512 ¢;) x 2048 ¢,) and spectral widths were 12 kHz in the
hydrophobicity. 13C dimension and 5000 Hz in tH&l dimension.

ApB has been reported to form voltage-dependent ion Data processing was performed either on a Bruker X-32
channels (Arispe et al., 1993a,b; Furukawa et al., 1994), andUNIX workstation with UXNMR software or on a Kubota
theoritical models of the possible ion channel structure have Titan 750V with NMRZ software (New Methods Research
been proposed (Durell et al., 1994). It has also been reportednc.). Phase-shifted sine-squared window functions were
to interact with substance P receptor (Shimohigashi et al., applied prior to Fourier transformation, with shiftsofB to
1993; Yankner et al., 1990) and serpienzyme complex  7/2 in both dimensions. Final matrix sizes were usually 2048
receptor (Boland et al., 1995). These studies suggest thatx 2048 real points.
the membrane-bound form offis important for neurotoxic Chemical shifts were referenced to the methyl resonance
activity. In order to clarify the structurefunction relation- of 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) used as
ships of Ag, it is essential to determine the membrane- an internal standard. Complete sets of the two-dimensional
mediated structure of Aand compare it with that of non-  spectra were recorded at 35 and pH 4.0 (uncorrected meter

neurotoxic mutants. readings).
In the present study, we have analyzed the three- Distance Constraints and Structure Calculationisiter-
dimensional structures of A(25—35) and N27A-48 (25— proton distance restraints were obtained from the NOESY

35) in a membrane-mimicking environment using NMR and Spectra with mixing times of 75, 150, or 300 ms. Quantita-
compared the structures with each other. The relationshiptive determination of cross-peak intensities was based on the

between structure and function offAwill be discussed. counting of the contour levels. All NOE data were divided
into three classes, strong, medium, and weak, corresponding
MATERIALS AND METHODS to distance upper limits of 2.5, 3.5, and 5.0 A in the inter-

) . . i proton distance restraints. Pseudo-atoms were used for non-

“Materials. Amyloid 5 peptides were chemically synthe-  stereospecifically assigned protons, and intra-residue and
sized in a large quantity by the same strategy as describedpng-range correcting factors were added to the distance
previously (Sato et al., 1995). The primary structure and restraints, respectively (Wrich et al., 1983). In addition,
purity of the synthetic peptide were confirmed by analytical 5 A was added to the upper limits for distance restraints
HPLC, amino acid analysis, and FAB-MS measurement. involving methyl protons (Clore et al., 1987).
Deuterated sodium dodecyl sulfate (SBgiwas purchased All calculations were carried out on an HP 9000/720
from ISOTEC Inc. Deuterated lithium dodecyl sulfate \yorkstation with the X-PLOR 3.1 program (Brger, 1993).
(LIDS-dzs) was prepared by exchanging the sodium ion of The three-dimensional structures were calculated on the basis
the deuterated sodium dodecyl sulfate by using Dowex of the experimentally derived distance and torsion angle
50Wx8 (Bio-Rad) cation exchanger in a lithium ion form.  constraints using a dynamically simulated annealing protocol

NMR SpectroscopyThe samples for NMR experiments  starting from a template structure with randomized backbone
were prepared at a concentration of approximately 2 mM of ¢ and v torsion angles.
A (25-35) or N27A-A3 (25—-35) in either 99.96%H,0 Evaluation Methods.The convergence of the calculated
or 90% HO/10%?H0 containing 250 mM LiDSds at pH structures was evaluated in terms of the structural parameters,
4.0. Under these conditions, the NMR spectra are well j e, RMS deviations from experimental distance and dihedral
resolved and no aggregation can be observed over a periottonstraints, the values of energetic statistfigo, Fior, and
of several months. NMR measurements were performed Frepe), and RMS deviations from idealized geometry. The
using standard pulse sequences and phase cycling on &jstribution of backbone dihedral angles of the final con-
Bruker AMX-500 spectrometer operating at 500 MHz for verged structures were evaluated by the representation of
the proton frequency. All two-dimensional NMR spectra the Ramachandran dihedral pattern, indicating the deviations
were acquired in a phase-sensitive mode using the time-from the sterically allowedd, ) angle limits (Ramachan-
proportional phase incrementation (Marion & “Witch, dran et al., 1963). The degree of angular variation among
1983) for quadrature detection in thedimension. NOESY  the converged structures were further assessed by using an
spectra (Jeener et al., 1979; Macura et al., 1981) wereangular order paramet& (Davis et al., 1993; Hyberts et

recorded at temperatures of 35 and®@5with miXing times a|_, 1992) The order parametﬁmas calculated by using
of 75, 150, and 300 ms, respectively. TOCSY spectra were the following equation.

recorded using a MLEV-17 pulse scheme (Bax & Davis,

1985) with isotropic mixing times of 50 and 80 ms. The 1 N N

suppression of the solvent resonance was achieved by using S= _[(z1 sin 9j)2 + (Zl COSQJ_)Z]l/Z

the WATERGATE scheme in both NOESY and TOCSY N = =

spectra (Piotto et al., 1992). A DQF-COSY (Rance et al.,

1983) spectrum was recorded to obtain the constraints forN is the number of total converged structure§; is a
torsion angles. The suppression of the solvent resonanceparticular dihedral angle of thigh structure of the total
was achieved by using coherence selection with a gradient-structures.

enhanced method (Hurd, 1990; von Kienlin et al., 1991). Temperature Coefficients and NH-Hydrogen Exchange.
No selective irradiation during the relaxation delay period Temperature coefficients{AJ/AT, ppb) were obtained using
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data from TOCSY spectra acquired at 15.0, 20.0, 25.0, 30.0, 35
and 35.0°C and were calculated from plots of chemical shift
versus temperature which were linear for all amide protons
in both A5 (25—35) and N27A-4 (25—35). For slowly
exchanging backbone amide protons, the sample lyophilized
from H,O was redissolved ifH,O 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 16.

- 4.0

= 4.5

F1 (ppm)

RESULTS

Sequential Resonance Assignments and Chemical Shifts.
Sequence-specific resonance assignments were made ac-
cording to the standard method established bithch and
co-workers (1986). The proton resonances of bg#h{26—

35) and N27A-48 (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 T T T 55
identified spin systems were then aligned along the primary °° 85 80 75 7.0
structure of the molecule through inter-residue sequential F2 (pom)
NOEs observed on the NOESY spectra. Inter-residue 35
sequential connectivities were carried out by analysis of the
C*H(i)—NH(i+1) (dun), NHG)—NH(i+1) (dwn), and CH(i)—
NH(i+1) (dsn) NOEs.

Since Ser, Asn, Lys, Ala, Leu, and Met are present only
once in the primary sequence 0fA25—35), these residues
were used as starting points for the sequential assignment
process. In particular, the assignment of?Sdrys?8, Ala®C,
and Met® resonances were straightforward. The spin system
for Ala® residue was assigned through the observation of
strong cross-peaks between methyl protons atd i@ the
DQF-COSY spectrum and the magnetization transfer from
C%H to C°Hs in the TOCSY spectrum. The assignment of
resonances of N27A/A (25—35) was assisted by the - 5.0
assignment of A& (25—35).

Figure 2A and 2B show the %EI-NH fingerprint region
of the NOESY spectrum containing sequental(i, i+1)
connectivities of 8 (25—35) and N27A-46 (25—35), T - T 5.5
respectively. The complete sequence-specific resonance 9.0 85 8.0 7.5 7.0
assignments of both A (25—-35) and N27A-4 (25—35) F2 (ppm)
summarized in Table 1. Figure 3 represents sequential NOEFiGURE 2: Portions of the 500 MHz two-dimensional NMR spectra

connectivities observed in the 300 ms NOESY spectrum. 0f 2.0 mM Aj (25-35) and N27A-4 (25-35) in 250 mM of
Th ton chemical shifts of each residue of £25— L|D$-_d25 and 90% I—jO/lO_%_HZO at pH_4.0 and 35C. Sequen_tlal
€ proton ¢ don(i,i+1) NOE connectivities for residues from 25 to 35 in the

35) and N27A-A (25-35) is similar to each other, NOESY spectrum observed with a mixing time of 300 ms ¢ A
especially, in the C-terminal portion of GfyMet®®. The (25—35) (A) and N27A-A3 (25—35) (B). In the spectral portions,
differences in the portion between two peptides are almost the intra-residue NH-G_—l cross-peaks are Iabeled with_ th_e residue
negligible (Table 1), which suggest the structural similarity number by standard single-letter amino acid abbreviations.

in this portion. In the N-terminal region, however, there are with 3Jyy_cey between 5.5 and 8.0 Hz, a total of four
small differences of the proton chemical shifts. For example, backbone torsiog angles were constrained. In the case of
the differences of the chemical shifts ofk€ of Sef® and N27A-Ap (25—35), four residues (AR, Lys?®, Ala®, and

- 5.0

- 4.0

L 45

F1 (pom)

Lys?® are larger than 0.08 ppm betweer £25—35) and lle31) with 3Jyy_cey less than 5.5 Hz and the other residues
N27A-Apj (25—35), which suggest the structural differences except for Gly° and Gl with 3Jyy-coy between 5.5 and
in the N-terminal region. 8.0 Hz, a total of four backbone torsigp angles were

Dihedral Angles. The backbone NHC*H coupling constrained. For both peptides, residues 29 and 33 are
constants were estimated on the DQF-COSY spectrum andglycines. Thereforélyy—cey values for these residues were
were converted to backbone torsion angleconstraints not determined.

according to the following rules®Jyn-ce less than 5.5 Hz Secondary Structure The regular secondary structure
constrained thep angle to the range of-65 + 25°, and elements of & (25—35) and of N27A-48 (25—35) were
8JInH-co greater than 8.0 Hz constrained to the range 20 identified according to standard criteria {fktich et al.,

+ 40° (Pardi et al., 1984). In the case 0ffA25—35), four 1984). The extents ofr-helices were based on small
residues (Ly%, Ala®, lle3}, and l1&?) with 3Jyy-coq less than  3Jyw—con coupling constants, strong sequentiiah, strong
5.5 Hz and the other residues except for &lgnd Gy dus(i,i+3). The representation of the*@ or C* chemical
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Table 1: Chemical Shifts (in ppm) 8H Resonances of Aat 35°C and pH 4.8
residue NH CH C’H others
(A) A (25-35)

Gly25 b b
Ser26 8.59 4.55 3.89,3.94
Asn27 8.45 4.80 2.84,2.84 9N 6.85, 7.47
Lys28 8.12 4.15 1.85,1.85 78 1.43, 1.50; CH 1.71, 1.71; €H 3.03, 3.03
Gly29 8.37 3.84,4.02
Ala30 7.88 4.21 1.48
lle31 7.86 3.94 2.03 ®130.94; GH 1.26, 1.60; €H 0.90
lle32 7.64 4.00 1.94 @1;0.97; GH 1.29, 1.56; €H 0.91
Gly33 7.85 3.89,3.99
Leu34 7.66 4.33 1.82,1.82 781.62; CH 0.88, 0.94
Met35 7.53 4.33 2.07,2.15 "8 2.53, 2.62
(B) N27A-AB (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 78 1.43, 1.51; CH 1.75, 1.75; €H 3.00, 3.00
Gly29 8.12 3.83,3.92
Ala30 7.88 4.23 1.52
lle31 7.83 3.89 2.01 ®430.94; GH 1.25, 1.70; @H 0.87
lle32 7.89 3.95 1.96 ®1;0.98; GH 1.34, 1.62; @H 0.90
Gly33 7.86 3.91,4.02
Leu34 7.68 4.36 1.90, 1.90 781.64; CH 0.92, 0.96
Met35 7.48 4.31 2.08,2.17 "8 2.54, 2.67

aTheH chemical shifts are referenced to internal 2,2-dimethyl-2-silapentane-5-sulfonic acid (D&8)detected.

A B
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Ficure 3: Summary of the NOE connectivities afitl—cen coupling constants observed ilBA25—35) (A) and N27A-A3 (25—35) (B).

These structural parameters were used for the sequence-specific assignments and the identification of secondary structure elements in both
Af (25—35) and N27A-A8 (25—35). The NOEsgdwn, dun, anddgy are indicated by bars between two residues. The NOEs are classified

into strong, medium and weak according to the height of the filled bars. Vali#8g.efeer coupling constants are indicated bf<5.5 Hz)

symbols. As for residues 25 and 33y4-ce Were not determined because they are glycine residues.

shift also served as a good indicator, identifying the presence Structure Calculations and#aluation To determine the

or location of secondary protein structure by using the three-dimensional structures ofA25—35) and N27A-4
comparative deviation of the chemical shifts ofHCor C* (25—35) in solution, we carried out the structural calculation
from those in random-coil structure (Spera & Bax, 1991; using an X-PLOR simulated annealing protocol. Inthe case
Wishart et al., 1992). On the basis of the results summarizedof AS (25—35), the input data of the NMR experimental
in Figure 4, both £ (25—35) and N27A-48 (25—35) consist constraints consisted of 106 distance and four dihedral
mainly of a-helices at least in the middle of the sequence. constraints. All 106 distance constraints include 48 intra-



16098 Biochemistry, Vol. 35, No. 50, 1996 Kohno et al.

A B
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FiGure 4: Chemical shift indices of the %€l resonances and deviation B resonances from random coils fo3A25—35) (A) and
N27A-Ap (25—35) (B). The chemical shift indices of the*8 resonances are indicated by ternary indices with valueslof, 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/A(25—35) and N27A-4 (25—35)

converged
structural parameter structures mean structure
Ap (25-35) 20 converged
RMS deviations from experimental distance constraints (A)
all (106) 0.063t 0.005 0.058
intraresidue (48) 0.08€ 0.008 0.074
sequential (35) 0.04% 0.008 0.042
medium-range|( — j| <5) (23) 0.036+ 0.007 0.035
RMS deviation from experimental dihedral constraints (deg) (4) 062226 0.0
energetic statistics (kcal nd)°
Fnoe 21.0+ 3.7 17.6
Fror 0.013+ 0.056 0.0
Frepel 1.244+0.78 0.9
RMS deviations from idealized geometry
bonds (A) 0.004+ 0.0003 0.004
angles (deg) 0.35% 0.043 0.333
impropers (deg) 0.30€& 0.026 0.290
N27A-Ap (25—35) 16 converged
RMS deviations from experimental distance constraints (A)
all (114) 0.050+ 0.002 0.044
intraresidue (53) 0.062 0.002 0.058
sequential (32) 0.01% 0.007 0.012
medium-range|( — j| <5) (29) 0.04&+ 0.008 0.032
RMS deviation from experimental dihedral constraints (deg) (4) 1088290 0.59
energetic statistics (kcal md)°
Fnoe 13.7+1.1 10.5
Fror 0.31+0.15 0.09
Frepel 3.78+1.23 3.4
RMS deviations from idealized geometry
bonds (A) 0.004+ 0.0002 0.004
angles (deg) 0.454 0.023 0.420
impropers (deg) 0.40% 0.025 0.376

2 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 parenthe$€sog, Fior, 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.

residue and 58 inter-residue NOE distance constraints. Inand 16 final solution structures with the lowest energy for
the case of N27A-A (25—35), the input data of the NMR  Af (25—35) and N27A-48 (25—35), respectively, that were
experimental constraints consisted of 114 distance and fourin good agreement with the NMR experimental constraints,
dihedral constraints. All 114 distance constraints include for which the NOE distance and torsion angle violation were
53 intra-residue and 61 inter-residue NOE distance con-smaller than 0.5 A and°5respectively. Structural statistics
straints. for the mean and converged structures for both(25—35)
Simulated annealing calculations were started from 100 and N27A-A3 (25—35) were evaluated in terms of structural
initial random structures for each peptide. We selected 20 parameters, as shown in Table 2. The convergence was
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Ficure 5: Ramachandran plots of the backbone conformatiapajf angles for all residues of the converged structures {26—35)
(A) and N27A-AB (25—35) (B). The circles ©) indicate glycine residues and the crosse} ifidicate other residues.

Table 3: Root Mean Square Differences for the Converged Structure$ (23+-35) and N27A-46 (25—35p

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

average pairwise RMS differences
for converged structures (A)

residues 2535 residues 2834 residues 2535 residues 2834
Ap (25—35) (20 converged structures)
backbone
(N, C% C) 1.04+ 0.25 0.26+0.11 1.444-0.53 0.38+ 0.15
(N, C* C,0) 1.02+0.23 0.30+0.14 1.424-0.48 0.45+ 0.19
all heavy atoms 1.39-0.27 0.77+£0.21 1.994- 0.50 1.1140.31
N27A-Aj (25—35) (16 converged structures)
backbone
(N, C% C) 0.494 0.08 0.1640.08 0.70+0.18 0.24+0.11
(N, C% C,0) 0.53+ 0.06 0.20+ 0.09 0.76+0.18 0.29+ 0.12
all heavy atoms 1.1 0.13 0.88+ 0.15 1.604-0.30 1.27+0.33

2The RMSD values were obtained by fitting the backbone atoms @NCCO) coordinates for the residues of the converged structures. The
numbers given for the backbone and all heavy atoms represent the mean+adtesdard deviations.

further assessed by the,(vy) spacing for all selected over the backbone heavy atoms (N, €, O) of residues
structures. In a Ramachandran-type plots (Figure 5A,B), the Lys®*-Leu?* of the mean structure as a function of the residue
backbone dihedral angles for the all residues of the final number. The backbone structure is well defined through
converged structures fall either in thehelical region or in Lys?®-Leu’* of the molecule. This is supported by RMSD
generally allowed regions for bothfA(25—35) and N27A- values of Lys%-Leu** region. In this region, the RMS
Ap (25—35). differences from the averaged coordinate positions were 0.26
The overall convergence for the final set of structures can + 0.11 A for the backbone atoms (N*CC) and 0.77+
be quantified by an atomic RMSD value. Inthe case 8f A 0.21 A for all heavy atoms. For the same atom selection,
(25—35), the RMS differences from the averaged coordinate the average pairwise RMSD was 0.380.15 A and 1.1
positions were 1.04k 0.25 A for the backbone atoms (N, 0.31 A, respectively (Table 3). However, the portion of
C*, C) and 1.39k 0.27 A for all heavy atoms. For the same N-terminal three residues, Glyand Se#, is rather disor-
atom selection, the average pairwise RMSD of the 20 dered. The disorder in this region corresponds to order
individual structures were 1.44 0.53 A and 1.99+ 0.50 paramete (Figure 6D). Onlyy of Gly?5, ¢ andy of Sef®,
A, respectively (Table 3). In the case NR7A—Ap (25— and ¢ of Asr?” have lower angular order paramete8<
35), the RMS differences from the averaged coordinate 0.8) among all thep andy angles.
positions were 0.49% 0.08 A for the backbone atoms (N, Figures 6F and 6G show the distribution of the atomic
C* C)and 1.1H- 0.13 A for all heavy atoms. For the same RMSD for the 16 converged structures of N274-A25—
atom selection, the average pairwise RMSD of the 16 35) fitted over the backbone heavy atoms (N, C, O) of
individual structures was 0.78 0.18 A and 1.6G+ 0.30 A, residues Ly&-Leu?* of the mean structure as a function of
respectively (Table 3). Both peptides show rather high the residue number. The backbone structure is well defined
RMSD values. That would be because N-terminal portion through Al&’-Leu’* of the molecule. This is supported by
of each peptide is disordered. This explanation is supportedthe RMSD values of the Ly&Leuw?* region. In this region,
by low RMSD value in the C-terminal region of each peptide the RMS differences from the averaged coordinate positions
described below. were 0.164+ 0.08 A for the backbone atoms (N*QC) and
Figures 6B and 6C show the distribution of the atomic 0.88 + 0.15 A for all heavy atoms. For the same atom
RMSD for the 20 converged structures gf £25—35) fitted selection, the average pairwise RMSD was 0428.11 A
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FiIGURE 6: Backbone variability by residue of/A(25—35) (A—D) and N27A-A5 (25—35) (E-H), respectively. (A, E) Distribution of the

number of experimental distance constraints as a function of the sequence positiBr(28-485) and N27A-48 (25—35), respectively.

Filled bars, intra-residue NOESs; 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 Savhtheter

¢; shaded bars, the order parame®af the i, 0 = randomly distributed, and % perfectly aligned.

and 1.274+ 0.33 A, respectively (Table 3). However, a Lys?®-Leu for the 20 and 16 converged structures ¢ A

portion of N-terminal two residues, Giand Se#, is rather (25—35) and N27A-48 (25—35), respectively. Analysis of

disordered. In the N-terminal region, only thyeof Gly?® the 20 and 16 converged structures indicates that both the

and ¢ of Ser® have lower angular order paramete < molecular structures of A (25—35) and N27A-46 (25—

0.8). 35) contain arx-helical region in the C-terminal part of the
Description of the Three-Dimensional Structurgigures sequence. In the case 0ffA25—35), the extent ofi-helix

7A and 7B show stereopair representations of the best-fitis from Lys® to Mef® which is identified from the

superposition of the backbone heavy atoms (N, C) of Ramachandran plot (Figure 5A) and the order parameters
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B

FIGURE 7: Stereopairs of backbone heavy atoms (N, @&d C) for the 20 and 16 converged structures 6f(25—35) (A) and N27A-A8
(25—35) (B), respectively. These are the results of the best-fit superposition of the backbone heavy atomE€jNf Cys?8-Lew’® shown
using MIDAS Plus (Ferrin et al., 1988).

A

Met 35

FiIGUrRe 8: Averaged structures with ribbon diagrams gf £5—35) (A) and N27A-A8 (25—35) (B).

of ¢ andy (Figure 6D). In the case of N27A{A(25—35), protected from exchange with the solvent these values are
the extent ofo-helix is from Al&” to Met®® (Figure 5B and expected to decrease+a\d/AT < 5 ppb (Rose et al., 1985).
6H). The N-terminal region of both peptides is disordered; The temperature coefficients for the amide backbone protons
from Gly?>to Asr?’ for AS (25—35) and from Gly® to Sef® of AS (25—35) and N27A-46 (25—35) are shown in Table
for N27A-Aj (25—35). This non-helical region is identified 4. The decreased temperature coefficients of the amides of
from Figures 8A and 8B in which the averaged structures C-terminal three residues in both3A25—35) and N27A-
with ribbon diagrams of & (25—35) and N27A-A6 (25— Ap (25—35) suggest that these residues would be deeply
35) are shown, respectively. buried in the micelles. We also determined the time of
Temperature Coefficients and NH-Hydrogen Exchange. disappearance of each amide proton resonances after the
The temperature dependence of the amide proton chemicakolvent was exchanged fromy® to °H,O (Table 4). The
shift indicates whether it is protected from exchange with results of NH-hydrogen exchange show that the amide
the solvent. For a random-coil peptide in water, the protons in the C-terminal region of bofh (25—-35) and
temperature coefficients of the amide proton resonances areN27A-ApS (25—35) are protected against the solvent. These
expected to be & —AJ/AT < 10 ppb, whereas for amide data suggest that C-terminal region of bgtii25—35) and
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Table 4: Temperature Coeffcients and NH-Hydrogen Exchange
Time for A5 (25—35) and N27A-4 (25—35)

residue —AO/AT x 1000 hb
(A) Ap (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
lle31 4.6 >8.0
1le32 6.5 >8.0
Gly33 2.4 5.0
Leu34 3.0 >8.0
Met35 0.4 >8.0
(B) N27A-Af (25—35)

Gly25 c c
Ser26 49 0.5
Ala27 6.0 0.5
Lys28 5.8 0.5
Gly29 4.1 2.0
Ala30 35 3.5
lle31 9.6 >8.0
1le32 5.0 >8.0
Gly33 2.6 5.0
Leu34 2.0 >8.0
Met35 0.8 >8.0

Kohno et al.

brane environment than the mixture of water and organic
solvent such as TFE is (Pervushin & Arseniev, 1992).
Moreover, A3 (25—35) in LIDS micelles is very stable; it
did not aggregate for at least several months, whereas Sticht
et al. (1995) reported that/A(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 foi3An the biological
membrane.

The structure of & (25—35) in the LIDS micelles which
we have shown in this study consists of athelix 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
Ap (25—35) is buried in the membrane and assumes
a-helical structure, whereas the N-terminal region is exposed

@ Temperature coefficient values. Uncertainty in the temperature to the solvent with a flexible structure. The structure and

coefficient values is£0.5 ppb/K.? The time when the amide proton

resonance disappeared in TOCSY spectrum after the solvent was

exchanged¢ Not detected (N-terminus).

N27A-Ap (25—35) is deeply buried in the micelles, whereas
N-terminal region is exposed to the solvent.

DISCUSSION

Structural Features of A (25—35) in a Membrane-
Mimicking Environment. In the present study, we have
determined the first high-resolution solution structure of the
neurotoxic A3 (25—35) and its non-neurotoxic mutant
[N27A-ApB (25—35)] in the membrane-mimicking environ-

function relationships of A (25—35) will be discussed later.
AB (25—35) and lon Channels So far, many hypotheses
have been proposed to explain the neurotoxicity induced by
Ap. Previous work reported that@#forms voltage-depend-
ent ion channels (Arispe et al., 1993a,b). Theoretical models
of the possible ion channel structure of amyldigheptide
are also reported (Durell et al., 1994). From the NMR study
of Af (1-28) in TFE solvent, Talafous (1994) showed the
similarity between the structure ofA(1—28) and that of
alamethicin (Fox & Richards, 1982) and melittin (Terwilliger
& Eisenberg, 1982) and proposed that thg idn channel
consists of a tetramerie-helical structure. Furukawa et al.
(1994) speculated that the pores in the cell membrane are

ment by NMR spectroscopy. The previous reports show that made by A (25—35). In the case of A (25—35), however,

ApS (1—-28) adopts aw-helical conformation in a membrane-
mimicking environment (Barrow et al., 1992; Barrow &

the three-dimensional structure in the micelles determined
in this study consists ofi-helix with extended N-terminal

Zagorski, 1991; Talafous et al., 1994). However, this region region. To span the native lipid bilayer as arhelix, at
does not possess neurotoxic activity by itself. Recently, a least twenty amino acid residues are needed (Henry & Sykes,

structural model for the amylojfl fibril comprising A3 (34—
42) was analyzed by3C solid-state NMR spectroscopy
(Lansbury et al., 1995). In this model, the peptide (@4—
42) forms an anti-parallgs-sheet structure. Hilbich et al.
(1991) proposed that aggregateqs A10—42) adopts a
f-sheet conformation with a centr8tturn from residues

1994). Therefore, it is seems to be impossible fBr(25—
35) to form an ion channel in the native lipid bilayer.
Another mechanism should be considered to explain the
neurotoxicity caused by A (25—35).

Comparison of the Structures 0ffA25—35) and N27A-
A5 (25—35). In the present study, we have not only

Sefbto Gly?°. These model suggest the structurural features determined the structure of /A(25—35) but also that of

of Aj in the amyloid fibril.

N27A-AfS (25—35), which is a non-neurotoxic mutant, as

Previous work also established that in membrane systemsshown in our previous report (Sato et al., 1995). In this
the amyloid3 peptide does not aggregate, but produces mutant, a hydrophilic residue, A%h is replaced by a
voltage-dependent ion channels (Arispe et al., 1993a,b).hydrophobic residue, Ala. We suspected that this mutant
Theoretical models of the possible ion channel structure of might show higher hydrophobicity and more toxicity due to

amyloid g-peptide have also been reported (Durell et al.,
1994).

Very recently, Sticht et al. (1995) reported a tertiary
structure of A8 (1—40) in a 40% mixture of deuterated 2,2,2-
trifluoroethanol (TFE) and water, in which two helices, &lin
Asp®® and lle-Met®, were found as main secondary-
structure elements.

increased hydrophobicity. But it was less potent thgh A
(25—35). Therefore, it is important to compare the structures
of AB (25—35) and N27A-48 (25—35) to understand the
mechanism of neurotoxicity of A

Here, we have elucidated the both structures pf(25—
35) and N27A-48 (25—35) in LiDS micelles. Both struc-

However, SDS micelles are a moretures possess am-helix in the C-terminal region, but the
suitable model for the essentially anisotropic native mem-

structure of N-terminal region of the peptides is slightly
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different from each other. In the case of3A25—35), One explanation for the relationship between the aggrega-
N-terminal region are more flexible than that of N274A  tion tendency of each A (25—35) mutant and its neurotox-
(25—35). In LiDS micelles, the hydrophilic N-terminal icity is as follows. AS (25—35) shows neurotoxicity when
region of A3 (25—35) is assumed to expose to solvent, it binds to the membrane and assumes the appropriate
whereas hydrophobic C-terminal region is assumed to bestructure similar to the membrane-mediated structure of
buried in the micelles. So the difference of the structure of substance P. And an intermediate between monomer and
the N-terminal region of & (25—35) and N27A-48 (25— highly-aggregated form may have a high affinity for the
35) may correspond to the difference of the condition of membrane. So the correlation between the aggregation and
solvent-exposed region ofApeptides. neurotoxicity may be attributed to the correlation between

Comparison of the Structures of3A25—35) and Sub- the contents of intermediates and neurotoxicity. In this
stance P Recently, we showed thafi25—35) inactivates ~ €9ard, it may be that N27A7A(25-35) has weak neuro-
phosphatidyl inositol-3 kinase in hippocampal culture (Takash- {OXIC activity because this mutant has a lower tendency to
ima et al., 1996), which suggests the possibility thAt(25— form aggregate intermediates needed for binding to the

35) exerts its activity by interacting with cell surface Membrane.
receptors. In this regard, it is important to interpret the Another reason why N27A-A (25-35) has weak neu-

. T, - toxic activity may be explained from the comparison of
tertiary structure of £ bound within the membrane, which ro .
is possibly an active conformation for interaction with a the membrane-mediated structures ¢f @5_35)1 N27A-
receptor. Formerly, it was reported tha Aunction as a Ap (25—35), and substance P. In the last section We_have
peptide ligand of substance P receptors with some patho-ShOWn that /8 (25-35) assumes a membrane-mediated

physiologic activities (Shimohigashi et al., 1993). Another structure very Si”’!"a“ to that of su_bstance P. Both structures
work reported that & is recognized by the éepafhenzyme consist of N.—termln.al erX|b.Ie region exposed to the solvent
complex receptor in hepatoma cells and neuronal cells and C-terminal helical region buried in the membrar_1e. In
(Boland et al., 1995). Sequence similarity betwegh(25— the case of N27A-g (25-35), the membrane-mediated
35) and substance P was first noticed by Yankner et al. structure is rather different from the structures gt @5_
(1990) (Figure 1). Shimohigashi et al. (1993) have shown .35) and su_bstance_ P. It has a C_-t_ermmal helical region, but
that A8 (21-35)-NH, is a highly selective agonist of its N-terminal region is more rigid and not so extended

. o _compared with those of A(25—35) and substance P. This
substance P receptors (NK-1) among three ta?chyk'”'” recep suggests that N27A-A(25—35) is buried in the membrane
tor subtypes. The three mammalian tachykinins or neuro-

kinins—substance P, neurokinin A, and neurokinin-&e in a manner different from that of A(25—35) or substance

reported to bind selectively to three distinct tachykinin féplgcgdzze-gﬁhglztj?;sﬁg'bﬁ: r:i:{gﬁg'“;l;es'gg?gg’sf
receptor subtype, NK-1, NK-2, and NK-3, sites, resp_ectively 35) may be more deeply buried in t’he rﬁembrane thén A
(Buck & Burcher, 1986; Laufer et al., 1986; Regoli et al., 25-35) and substance P. This difference may cause a
1987). The membrane-mediated structure of substance Pwa%educeol or loss of the act.ivity of N27AMA\(25-35) for
predlct_ed by Schwyzer et a.l. .(1986)' In th's. prediction, the binding to the specific membrane protein, like the substance
C-terminal message-containing nonapeptide segment of

bstance P is almost dicularly oriented to the  |ccePtor
substance IS almost perpendicuiarly onented to the conclusion, we have determined the membrane-medi-

membrane in the:-helical domain, whereas the N-terminal = . 4 <\ ctures of A(25-35) and N27A-48 (25-35). The
segmgnt remains in the aqueous phase as a ranqlom-cm tructure of A (25—35) consists of N-terminal flexible
domain. Such a gonforma_ﬂon of substance P in the region and C-terminal helical region and is very similar to
membrane was confirmed using CD (Rolka et al., 1986) and that of substance P whereas that of N27-f@5—35) is

lR (Ern(_a etal., 1986). Young etal. (199_4) reported the three- rather different. This comparison gives a structural basis to
dimensional structure of substance P in the presence of 15

mM SDS micelles determined by using NMR. This structure understand the mechanism of neurotoxicity caused By A
corresponds to the predicted structure. The NMR structure ACKNOWLEDGMENT
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