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The amyloid B-peptide is the major protein constituent of neuritic
plaques in Alzheimer’s disease. The B-peptide varies slightly in length
and exists in two predominant forms: (1) the shorter, 40 residue B-(1-40),
found mainly in cerebrovascular amyloid; and (2) the longer, 42 residue
B-(1-42), which is the major component in amyloid plaque core deposits.
We report here that the sodium dodecyl sulphate (SDS) micelle, a mem-
brane-mimicking system for biophysical studies, prevents aggregation of
the B-(1-40) and the B-(1-42) into the neurotoxic amyloid-like, B-pleated
sheet structure, and instead encourages folding into predominantly
a-helical structures at pH 7.2. Analysis of the nuclear Overhauser
enhancement (NOE) and the aH NMR chemical shift data revealed no
significant structural differences between the B-(1-40) and the B-(1-42).
The NMR-derived, three-dimensional structure of the B-(1-42) consists of
an extended chain (Aspl-Gly9), two a-helices (Tyrl0-Val24 and Lys28-
Ala42), and a looped region (Gly25-Ser26-Asn27). The most stable
o-helical regions reside at GIn15-Val24 and Lys28-Val36. The majority of
the amide (NH) temperature coefficients were less than 5, indicative of
predominately strong NH backbone bonding. The lack of a persistent
region with consistently low NH coefficients, together with the rapid
NH exchange rates in deuterated water and spin-labeled studies,
suggests that the B-peptide is located at the lipid-water interface of the
micelle and does not become inbedded within the hydrophobic interior.
This result has implications for the circulation of membrane-bound
B-peptide in biological fluids, and may also facilitate the design of amy-
loid inhibitors to prevent an o-helix — B-sheet conversion in Alzheimer’s
disease.
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Introduction

The brains of patients with Alzheimer’s disease

(AD) are characterized by an abundance of amy-

Abbreviations used: AD, Alzheimer’s disease; Apo-E,
apolipoprotein-E; Apo-], apolipoprotein-J; APP, amyloid
precursor protein; CD, circular dichroism; CSI, chemical
shift indices; EDTA, ethylenediamine tetraacetic acid;
FT-IR, Fourier transform infra-red spectroscopy; HDL,
high-density lipoproteins; HFIP, hexafluoroisopropanol;
HPLC, high performance liquid chromatography; MS,
mass spectrometry; NMR, nuclear magnetic resonance;
NOESY, nuclear Overhauser enhancement spectroscopy;
H, proton; NaNj, sodium azide; SDS, sodium dodecyl
sulfate; TFA, trifluoroacetic acid; TFE, trifluoroethanol;
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dimensional.
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loid deposits (Igbal et al., 1997; Smith, 1998). For
amyloid of the cerebral vasculature, the major pro-
tein constituent is the 40 residue B-(1-40) peptide,
while the predominant component in senile plaque
cores in the parenchyma is the 42 residue B-(1-42).
The B-peptides are derived from proteolytic pro-
cessing of the much larger (695-770 amino acid
residues) amyloid precursor proteins (APP), which
are constitutively produced transmembrane glyco-
proteins that are expressed in a variety of cells
during normal cellular metabolism (Selkoe, 1994).
Recent genetic evidence from early onset cases
of AD established that amyloid formation by the
B-(1-42) plays a key role in promoting the dis-
ease (Hardy, 1997). The genes responsible for the
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inherited cases have mutations in the APP, and
another group of homologous proteins called the
presenilins (Levy-Lahad et al., 1995), all of which
result in selective processing of APP to produce
preferentially the B-(1-42) rather than the B-(1-40).
These results, together with other biophysical stu-
dies demonstrating that the B-(1-42) can nucleate
amyloid formation of the more soluble protein
B-(1-40; Harper & Lansbury, 1997), indicates that
the B-(1-42) may be the actual culprit for initiating
amyloid deposition in AD (Younkin, 1995).

Considerable experimental data alleges that
there is a direct association between the accumu-
lation of B-peptide into amyloid and the severity of
dementia in AD. In the brain, the B-peptide can
fold into soluble, monomeric random coil and
o-helical structures, as well as the less soluble,
aggregated (oligomeric) [-sheet structure (Choo
et al., 1996). The B-sheet is mostly fibrillar and is
the predominant motif in the amyloid plaque core
(Kirschner et al., 1986; Malinchik et al., 1998).
In earlier diffuse or preamyloid deposits, the
B-peptide is non-fibrillar and presumably folds
into mixtures of random coil, a-helix, and B-sheet
structures. It is now generally accepted that during
these B-aggregation processes, the [B-peptide
undergoes a  conformational rearrangement
(a-helix — B-sheet and/or random coil — B-sheet)
that promotes toxicity to nerve cells (Simmons et al.,
1994; Pike et al., 1995). Once deposited as dense
amyloid plaque cores, the surrounding nerve cells
are dystrophic and the B-peptide becomes highly
resistant to further proteolysis (Knauer ef al., 1992;
Nordstedt et al., 1994; Wisniewski et al., 1994). As a
result, major research efforts are focused on unco-
vering workable therapeutic strategies to prevent
these conformational conversions, which in turn
will curtail the neurotoxicity and amyloid plaque
formation in AD.

The importance of P-peptide/lipid interactions
in AD is well documented. In virtually all biologi-
cal fluids, the B-peptide binds to various hydro-
phobic macromolecules such as apolipoproteins
(Apo-E and Apo-]), high-density lipoproteins
(HDL), albumin, transthyretin, proteasomes,
ay-macroglobulin, and other lipoproteins, which
may have relevance for the circulation of the
B-peptide (Schwarzman et al., 1994; Roses, 1995;
Biere et al., 1996; Koudinov et al., 1996; Matsubara
et al.,, 1996, Du et al., 1998). Other research has
shown that interactions of the B-peptides with
lipid bilayers or neuronal membranes can increase
the fluidity and intracellular calcium levels, pro-
duce voltage-dependent ion channels, and exert
other effects such as blockage and excitability on
potassium channels (Arispe ef al., 1993; Mattson
et al., 1993; Good & Murphy, 1996; Avdulov et al.,
1997; Kawahara et al., 1997). These latter processes,
along with the aggregation into B-sheet structures,
are thought to be involved in the p-peptide-
induced neurotoxicity. Taken together, these
results demonstrate that the aggregation state and
structure of the f-peptide in membrane-like

environments are important pathological events in
AD.

To provide a molecular basis for the role of bio-
logical membranes in amyloid formation, the sol-
ution structures of the p-(1-40) and p-(1-42)
peptides in detergent micelles was investigated
using NMR spectroscopy. The approach of using
micelles such as the negatively charged sodium
dodecyl sulphate (SDS) to mimic the molecular
environment of biological membranes has been
successfully applied to many peptides and proteins
(McDonnell & Opella, 1993; Henry & Sykes, 1994).
Our results establish that the o-helix is the predo-
minate structural motif in SDS solution and that
the PB-peptides associate at the micelle surface,
rather than within the hydrophobic core. The
implications of these findings to amyloid formation
and to the circulation of the B-peptide in biological
fluids are discussed.

Results

Preliminary considerations

Biophysical studies of the synthetic B-peptides,
especially the B-(1-42), are plagued by many diffi-
culties (Teplow, 1998). The biggest problem relates
to their time-dependent aggregation in aqueous
solution, which is serious for NMR experiments
since higher concentrations (several mM) are gen-
erally required. During the aggregation, the more
soluble random coil and a-helix structures
rearrange into the less soluble oligomeric B-sheet,
which eventually precipitates as an amyloid-like
deposit. This dilemma has clearly precluded
NMR studies of the naturally occurring B-(1-40)
and B-(1-42) peptides in water solution.

To overcome these difficulties, we performed
two modifications in the sample preparation pro-
cedure. First, we used a simple TFA pre-treatment
protocol (Jao et al., 1997), which addressed pro-
blems related to the different starting aggregation
states and structures of the B-peptides (Soto et al.,
1995b). The second modification in the sample
preparation procedure addressed the B-peptide
time-dependent aggregation. Here, we fortuitously
discovered that the SDS micelle not only provided
an appropriate membrane-mimicking system for
NMR, but also prevented aggregation of the
B-(1-40) and PB-(1-42) peptides, analogous to what
we had observed with the shorter [-(1-28)
(Talafous et al., 1994, Marcinowski et al., 1998). In
fact, the more aggregation prone, -(1-42) is stable
at relatively high concentrations (up to 2 mM) in
aqueous SDS solutions for several months. The
stability and lack of precipitation of the PB-(1-42)
indicated that the SDS micelle provides an amen-
able environment for detailed structural analysis
by high-resolution NMR methods. This ability of
SDS to prevent aggregation is analogous to other
recent work, where other charged micelles, such as
hexadecyl-N-methylpiperidinium bromide, inhib-
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Figure 1. Expanded aliphatic region of a clean-TOCSY
(MLEV-17 spin lock time 70 ms) for the 1.4 mM p-(1-42)
in H,0:H,O (9:1) containing 115 mM SDS-d,5 at pH 7.2
and 20°C. Many direct (two and three-bond) and relay
(greater than three-bond) assignments are shown. The
four resolved peaks for the CPH;-H* couplings of Ala2,
Ala21, Ala30 and Ala42 (upper section) establish that
the major solution conformation is folded. Other useful
couplings are the long-range C*H to C°H, relayed con-
nectivities, which were particularly helpful for uncover-
ing the Lys H* among those for the Leu and Ile.

ited aggregation of the B-(1-40) (Wood et al,
1996b).

Before beginning with extensive two-dimen-
sional (2D) NMR work, using circular dichroism
(CD) and one-dimensional (1ID) NMR we first
examined the effect of salts, and varied peptide
and SDS concentrations on the secondary structure
of the B-(1-42). To produce uniform micelles at low
ionic strength, 62 monomers of SDS (average
aggregation number) are required at concentrations
above 8 mM (critical micelle concentration; Henry
& Sykes, 1994). With the exception of minor chemi-
cal shift differences for some residues at the N ter-
minus, 1D NMR spectra at B-(1-42) concentrations
of 1.4, 0.94, 0.56, and 0.16 mM were virtually iden-
tical in the aliphatic and aromatic regions. These

data establish that the f-peptides are monomeric in
water-SDS solution, consistent with results from
CD (H.S. & M.G.Z., unpublished results). Here, all
2D NMR measurements were done at elevated
SDS concentrations, well above the critical micelle
concentration and at high micelle:peptide ratios
(McDonnell & Opella, 1993). The sample stability
was checked by comparing 1D spectra before and
after the 2D acquisitions that usually required
10-20 hours of data accumulation.

The CD studies in SDS solution at pH 7.2 with
and without salt (30-150 mM sodium fluoride)
were approximately identical and consistent with
predominantly o-helical structure. This indicates
that the ionic strength is not a critical parameter
for the micelle-induced secondary structure of the
B-(1-42). These results are compatible with pre-
vious studies where salts such as NaCl had little
effect on the binding of the p-(1-40) to rat cortical
homogenates (lipids and membrane-associated
proteins) and to artificial neuronal membranes
(lipids only; Good & Murphy, 1995).

Spin system identification, sequential
assighments, and secondary structural analysis

The 2D nuclear Overhauser enhancement spec-
troscopy (NOESY) spectra of the B-(1-40) and
B-(1-42) in SDS-H,O solution at pH 7.2 displayed
numerous, well-resolved cross-peaks, indicating
that the peptides are folded and that assignments
should be possible using standard homonuclear
NMR methods (Wiithrich, 1986; Case & Wright,
1993). For example, as shown in the expanded
total correlation spectroscopy (TOCSY) spectrum
(Figure 1), there are distinct chemical shifts for the
six Val (Vall2, Vall8, Val24, Val36, Val39, Val40)
and the four Ala (Ala2, Ala21, Ala30, Ala42) resi-
due, whereas if the peptide were unfolded or ran-
dom coil, then the six BCH and the four BCH,
signals of the Val and Ala residues would be
nearly degenerate. Shown in Figure 2 is an
expanded NH-NH region of the NOESY spectrum
for the p-(1-42). This spectrum demonstrates
numerous NOEs such as the NN(j, i + 1), diagnos-
tic for a-helices, and additional inter and intra-
residue NOEs from the aromatic ring protons of
Tyr10, Phel9, and Phe20 to nearby backbone NH
protons.

Most of the spectral overlap occurred in the oH-
NH region (3.5-5.5 and 7.2-9 ppm), which was
overcome by comparing data at different tempera-
tures. Spectra obtained at mixing times of 120 and
270 ms were nearly identical, except that as
expected, the longer mixing time produced some-
what stronger cross-peaks. The few additional
weak NOEs present in the longer mixing time
NOESY, such as those between the aromatic side-
chains and neighboring backbone amide (NH) sig-
nals, were not used as constraints in the tertiary
structure analysis. The complete 'H NMR assign-
ments for the B-(1-40) and B-(1-42) are summarized
in the Supplementary Material, and a complete
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Figure 2. Expanded NOESY region for the B-(1-42) showing the NH-NH connectivities as well as other NOE inter-
actions between the aromatic side-chains and the backbone-NH. The NH assignments for the two principal o-helical
regions (Tyrl0-Val24 and Lys28-Val36) are depicted on opposite sides of the diagonal.

10 20 30 40
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGA!I Il GLMVGGV VI A

NN(i,i+1) -
NN(i,i+2)

ON(i,i+1) m B -
ON(i,i+3)

aN(i,i+4)

afy(i,i+3)

BN(i,i+1) -

Figure 3. Summary of the inter-residue NOEs among the backbone NH, oH, and BH for the p-(1-42). The NOE
intensities are reflected by the thickness of the lines. When an unambiguous assignment was not possible due to peak
overlap, the NOEs are drawn with gray shaded boxes.
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Figure 4. The oH chemical shift indices for the
B-(1-40) and B-(1-42) in SDS solution at pH 7.2. The indi-
ces are —1, 0 or 1, which corresponds with either
a-helix, random coil, or B-sheet (Wishart et al., 1992).
These data demonstrate that both peptides are primarily
a-helical, particularly within the Tyr10-Val24 and Lys28-
Val36 regions.

summary of the inter-residue NOE connectivities
for the B-(1-42) is shown in Figure 3.

As shown in Figures 2 and 3, the NN(, i + 1)
NOEs for the B-(1-42) reside in two main peptide
segments: Tyrl0-Val24 and Lys28-Ala42. There is
also a contiguous stretch of medium-range,
aB(i, i +3) NOEs within the Tyrl0-Val24 region,
while the aN(i, i +3) and aN(i, i +4) NOEs are
localized at Leul7-Ala21. These data support the
presence of a predominantly o-helical structure
within the Tyrl0-Val24 region, with the central
Leul7-Ala21 acting as a more stable core. The
Lys28-Ala42 region has similar sequential and
backbone NOE patterns, except that three
af(i, i + 3) NOEs are absent, due to the lack of BHs
for Gly33, Gly37, and Gly38. The absence of any
aN(, i +2) NOEs and the presence of several
oalN(i, i + 4) NOEs at Leul7-Val24 and Gly29-Val39
rule out the possibility of 3,y-helices that could be
equilibrating with the o-helices. Analysis of the
B-(1-40) and B-(1-42) using oH chemical shift
indices (CSI) showed that they are mostly upfield
and compatible with a disordered structure at
Gly25-Ser26-Asn27, and a-helices at Tyrl0-Val24

and Lys28-Val36 (Wishart et al.,, 1992; Figure 4).
Taken together, the NOE and CSI data support the
presence of o-helices at Tyrl0-Val24 and Lys28-
Ala42, with the Aspl-Gly9 region being mostly
extended chain and the Gly25-Ser26-Asn27 acting
as a connecting loop between the two a-helices.

The NOE and oH CSI data for the p-(1-40) and
B-(1-42) are more or less indistinguishable, thus
demonstrating that both peptides adopt identical
backbone secondary structures in SDS solution, in
accordance with their nearly identical NOE data.
Interestingly, the Val39-Val40 and Val40-Ile41
regions for the B-(1-40) and P-(1-42) have down-
field oH shifts, indicating some propensity for
B-sheet structure. These shifts may be the result of
conformational averaging between the predomi-
nantly o-helix (micelle-bound species) and B-sheet
that forms when the peptides leave the micelle sur-
faces. It is well known that the last C-terminal resi-
dues play critical roles in initiating p-sheet
formation and amyloid deposition in AD (Harper
& Lansbury, 1997).

Final analysis of the secondary structure was
explored using the NH chemical shifts, which can
be directly correlated with hydrogen bond
strengths and o-helix bending. For bent amphi-
pathic a-helices, the NH typically display a peri-
odic 3-4 repeat periodicity in chemical shifts,
where the convex and concave sides of the o-helix
promote upfield and downfield NH shifts, respect-
ively (Kuntz et al., 1991; Zhou et al., 1992). Shown
in Figure 5 is a plot of the differences between the
NH observed chemical shifts of the B-(1-42) and
those expected for each amino acid residue in a
random coil conformation (Wishart ef al., 1995).
This subtraction procedure removed any residue-
specific effects. The majority of the NH signals for
the B-(1-42) are shifted upfield relative to random
coil values, indicative of a-helical structure. The 3-4
repeat pattern for the Phel9-Val24 and Lys28-
Val36 regions, together with the low field NH
shifts for Ala21l, Val24, and Val36 (indicative of
shorter H-O bond distances), establish that some
curvature of the o-helices may be present. In con-
trast, the lack of chemical shift periodicity of the
GIn15-Phel9 and Gly37-Ile41 regions suggests an
absence of any significant a-helical bending in
these regions.

Hydrogen exchange experiments

The location of the B-(1-42) peptide relative to
the SDS micelle, as well as the solvent accessibility
of the NH signals, was explored by proton-deuter-
ium exchange studies. These measurements
involved dissolving a protonated B-(1-42) sample
containing SDS-d,; in *H,O and subsequently
monitoring the disappearance of the NH peaks by
1D and 2D NMR. Analysis of the 1D spectra after
30 minutes showed that nearly all of the NH sig-
nals had disappeared. The few, remaining weak
signals correspond to Ala21, Val36, and other resi-
dues with NH signals at 7.8-8.0 ppm. These weak
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Figure 5. Graph showing the differences between the NH chemical shifts for the -(1-42) in SDS at pH 7.2 and
those expected for each amino acid residue in a random coil conformation (Wishart et al., 1995). The primary
sequence is shown on the ordinate and the assignments for some NH resonances are further highlighted in the

graph.

signals could not be unambiguously assigned to
specific residues, since they disappeared during
the two to four hour period that was used to
acquire the 2D NOESY data.

Temperature dependence of NH chemical shifts

For the B-(1-42), the temperature dependence of
the NH chemical shifts was determined. This infor-
mation provides a temperature coefficient, which is
an extremely useful parameter for defining relative
hydrogen bond strengths and solvent accessibility
of labile protons (Dyson et al., 1988).

The NH chemical shifts were obtained from
NOESY spectra within a 15-30°C range, since the
NOE intensities became weak outside these limits
(Figure 6). The loss of NOEs at higher tempera-
tures may result of some o-helix unfolding, while
below 15°C the solution became viscous causing
the NH signals to broaden. Because of problems
with spectral overlap or rapid exchange rates, NH
coefficients could not be determined for Aspl,
Ala2, or Lysl6. Most of the NH signals displayed
the typical upfield shifts with increasing tempera-
ture, although the NH protons for Gly9, Glull,
GIn15, Asp23, Ser26, and Ala30 showed downfield
shifts with increasing temperature, resulting in
negative coefficients. These downfield shifts may
be due to greater solvent protection of some NH
protons or possibly localized o-helix unfolding at
the higher temperatures.

Altogether, as depicted graphically in Figure 6,
the NH coefficients varied between —0.8 and 8.2,
with most residues exhibiting little chemical shift
variation with temperature, producing coefficients
less than 5, typical of strong NH bonding. The NH
coefficients greater than or equal to 5 were from
Argb, Ser8, His13, Phel9, Phe20, Val24, and Val36,
indicative of weaker NH bonding. Both Phel9 and
Phe20 have large coefficients with the p-(1-28) pep-
tide when folded as an a-helix in TFE-water and
SDS-water solutions (Zagorski & Barrow, 1992;
Marcinowski et al., 1998). These data, together with
the somewhat high Vall8 coefficient of 4.4,
suggests that the Vall8-Phel9-Phe20 o-helix seg-
ment is the first to unfold at elevated temperatures
for both the B-(1-28) and B-(1-42) peptides. The
importance of the Vall8-Phel9-Phe20 region for
induction of B-amyloidosis is well documented
(Hilbich et al., 1992; Wood et al., 1995; Esler et al.,
1996a). For example, a B-(1-40) peptide with a
Vall8 — Ala mutation showed increased o-helix
stability and was less likely to form B-sheet fibrils
by an o-helix — B-sheet rearrangement (Soto et al.,
1995a).

Spin-labeled studies

To further explore the possibility of B-peptide
insertion into the hydrophobic micelle core, we
undertook NMR studies using the spin-labeled 12-
doxylstearic acid. This compound contains a spin
label that is covalently attached to position 12,
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Figure 6. Amide-NH temperature coefficients for the B-(1-42), which were taken from the slopes of the least-square
computer fitted lines of the chemical shifts against temperature. The data were obtained from NOESY spectra at

15-30°C.

DI (ppm)

DI (ppm)

Figure 7. Expanded aliphatic region of TOCSY spectra for -(1-40) in SDS solution with (a) and without (b) the pre-
sence of the spin-labeled 12-doxylstearic acid.
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Figure 8. Survey of the NOE distance restraints versus the B-(1-42) amino acid sequence. The restraints includes
both intra- and inter-residue NOE data.

Table 1. Statistical information for the p-(1-42) structure calculation

Distance restraints Total 246
Intra-monomer 121
Inter-monomer 125
Sequential (i —j=1) 84
Medium (i —j=2, 3, 4) 41
RMSD? analysis A) GIn15-Val24 backbone® 0.87 +0.34
GIn15-Val24 heavy atoms® 0.87 £ 0.34
Lys28-Val36 backbone 1.27 £ 041
Lys28-Val36 heavy atoms 1.21 +0.39
Structure check? (%) GIn15-Val24: Average 54.2
Highest 93.3
Lowest 40
Lys28-Val36: Average 52
Highest 78.6
Lowest 35.7
NOE violations > 0.2 A Total violations 8
Highest 0.35
Lowest 0
Average violation A) 0.28 +0.05
Average energy Total energy 398 + 86
(kcal/mol)
Bond energy 127 £3
Phi energy 72+9
Theta energy 258 + 10
Out of plane energy 4+£1
Non-bonded energy 240 +19
Coulomb energy —303 £89

# Atomic root mean square deviation calculated by superimposing the corresponding
re%ion of the 15 minimized structures referenced by the mean coordinates.
Includes the C*, N, C atoms.
¢ Includes the C, N, O atoms.
4 The percentages represent the ¢ and ¢ angles falling within the allowed Ramachandran
regions for the best-fit 15 minimized structures.
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A

Figure 9. The superposition of 15 minimized struc-
tures for the p-(1-42) using the backbone atoms (C* N
and C). (a) Tyrl0-Gly25 by superimposing residues
GInl15-Val24; (b) Lys28-Ala42 by superimposing Lys28-
Val36.

thereby providing a free radical in the center of
micelle (Papavoine ef al., 1994; Chupin et al., 1995).
Consequently, peptide residues that are likewise
buried in the micelle center will become selectively
broadened in the presence of 12-doxylstearic acid.

Shown in Figure 7 are TOCSY spectra for a
B-(1-40)-SDS solution taken before and after the
addition of 12-doxylstearic acid. The molar ratios
were sufficient to ensure that there was one mol-
ecule of peptide and relaxation reagent per SDS
micelle. As shown, the intensities of the TOCSY
cross-peaks are virtually indistinguishable between
the two spectra, which is consistent with the
absence of B-peptide residues within the micelle
core.

Three-dimensional structures

Because the NMR-derived secondary structures
for the B-(1-40) and B-(1-42) were essentially identi-
cal, tertiary structure calculations were performed
for only the longer B-(1-42). As discussed before,
the B-(1-42) is more physiologically relevant and is
linked to many early onset forms of AD.

A total of 246 NOE-based distance restraints
were used in the structure calculations, with the
majority of the restraints located at the two pre-
sumed a-helical regions (Tyr10-Val24 and Lys28-
Ala42; Figure 8). Due to the lack of restraints in the
other regions, the overall convergence of the final
structures was somewhat low when spread over
the entire molecule. Significant structural variation
was present in the Aspl-Gly9 and Gly25-Ser26-
Asn27 regions, which is consistent with the
absence of sufficient NOE data (Figure 8). Since
these areas are presumably extended chain and
conformationally mobile, they were not further
analyzed. To explore the structure and dynamics at
these sites, additional NMR relaxation time
measurements are currently being performed and
will be reported in a forthcoming paper.

For the present study we focused our attention
to the Tyrl0-Val24 and Lys28-Ala42 regions that
had better structural convergence, with atomic root
mean square deviations (RMSD) for backbone
atoms of 1.40(+0.60) and 1.82(+0.68), respectively.
From the 18 minimized structures, 15 structures
with distance violations less than 0.35 A were
selected for further analysis. A residue-specific
RMSD and other parameters (Table 1) established
relatively good agreement among the final com-
puted structures. Both the Tyr10-Val24 and Lys28-
Ala4?2 regions were largely o-helical, as highlighted
with the overlaid structures in Figure 9. The
o-helices at GInl5-Val24 and Lys28-Val36 are
the best defined (RMSD of 0.9 and 1.2), whereas
the Tyrl0-His14 and Gly37-Ala42 regions are less
structured and have higher pairwise RMSD. These
results agree with the conclusions made on the
basis of the NOE and chemical shift data, i.e. the
less defined Gly37-Ala42 o-helix results from
the absence of several medium-range NOEs and
the flexible Gly37-Gly38 segment.

A notable feature of the tertiary structure is that
the two o-helices are somewhat proximate and
antiparallel. This antiparallel alignment is energeti-
cally favorable, since it allows the two o-helical
dipoles to run in opposite directions (Shoemaker
et al., 1987). For the best 15 structures, the average
distances between the a-carbons of Val24 < Lys28
and Tyrl0 <> Ala42 was 9.2(£1.2) A and
28.9(£10.7) A, respectively. As expected, long-
range NOE interactions between the two o-helices
were not observed, which is probably due to the
flexible Gly25-Ser26-Asn27 loop segment that
causes the side-chains atoms to be greater than 5 A
apart.

Discussion

Conformity of the tertiary structure with the
NMR data and comparison with
previous studies

The three-dimensional structure of the B-(1-42)
agrees well with the NMR data. Overall, the struc-
ture consists of an extended strand (Aspl-Gly9),
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Figure 10. Proposed mechanism of B-amyloidosis for the B-(1-42), that involves formation of a largely o-helical
structure when bound to the SDS micelle or a similar negatively charged biological lipid. The SDS micelle and pep-
tide strands are not drawn according to their relative sizes. The a-helices are depicted with darkened cylinders, while
the random coil or extended strand regions are drawn with wavy lines. The two o-helices (Tyr10-Val24 and Lys28-
Ala4?2) are drawn in an antiparallel orientation on the basis of the structural data (see the text). The proposed mono-
meric B-sheet structure is based on previous studies showing a reverse turn at Ser26-Asn27-Lys28-Gly29 (Hilbich et al.,
1991), and recent NMR data from our laboratories for the B-(1-40) and B-(1-42) in water solution (H.S. & M.G.Z,,
unpublished results). In the brain, after proteolytic cleavage of APP, the B-(1-42) presumably adopts unfolded, ran-
dom coil structure, which becomes mostly a-helical when bound to a negatively charged biological lipid. Aggregation
to the B-sheet occurs from a brain micro-environmental changes such as localized regions of high peptide concen-
tration or possibly small amounts of preformed B-sheet (“seed’’) material. The o-helical structure remains on the SDS
or lipid surface and does not become imbedded into the hydrophobic interior. A potential amyloid inhibitor could be
designed with polar and hydrophobic ends for docking between the charged (Tyr10-Val24) and hydrophobic (Lys28-
Ala42) a-helices.

o-helix (Tyrl0-Val24), loop (Gly25-Asn27), the majority of three residue loops between

a-helix (Lys28-Ala42). The numerous medium-
range off(i, i+3), aN(@, i+3) and aN(, i+4)
NOEs and the upfield shifted ol signals are
consistent with a-helices at Tyr10-Val24 and Lys28-
Ala42. The most stable and well-defined a-helices
reside at GIn15-Val24 and Lys28-Val36, compatible
with stable, three and two helical turns. The
remaining Tyrl0-His14 and Gly37-Ala42 regions
are slightly disordered and may exist as an ensem-
ble of a-helix and unfolded structures. The Gly25-
Ser26-Asn27 residues act as a loop between the
two a-helices, which is mobile as shown by the
absence of any major backbone NOEs and the
downfield chemical shift of the Asn27 oH. In fact,

a-helices have Gly at the first position (Geetha &
Munson, 1997). Interestingly, the location of this
loop is nearly identical with the proposed Ser26-
Asn27-Lys28-Gly29 reverse turn for the B-sheet
structure of the amyloid B-(10-43) peptide fragment
(Hilbich et al., 1991).

Analysis of the NOE and the «H NMR chemical
shift data revealed no significant structural differ-
ences between the B-(1-40) and the B-(1-42). This
structural similarity suggests that the greater pro-
pensity of the B-(1-42) to aggregate as amyloid is
not related to the membrane-bound structure.

Numerous biophysical studies using CD and
Fourier transform infra-red spectroscopy (FT-IR)
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have already explored B-peptide membrane inter-
actions. A few discrepancies exist among these
studies, which can partly be explained by differ-
ences in the membrane systems employed (i.e.
charged, acidic, or neutral lipids), and by differ-
ences in the initial aggregation states and struc-
tures of the B-peptides (Soto et al, 1995b; Jao
et al., 1997). Some studies showed that the
B-sheet is a predominate structural motif on the
membrane surface, which may or may not
become partly imbedded into the membrane. As
mentioned before, the B-sheet structure is neuro-
toxic, aggregated, and eventually precipitates as
an amyloid plaque (Simmons ef al., 1994; Pike
et al., 1995). It was also found that some lipids
(Klunk et al., 1997), including micelles (Wood
et al., 1996b) and neutral lipid vesicles, promote
random coil structure for the B-(1-40) peptide at
physiological pH (Terzi et al., 1995). In contrast,
mixtures of neutral and negatively charged lipid
vesicles encourage o-helical structure at high
lipid/peptide ratios (Terzi et al., 1997). For the
latter study, it was also established that the
o-helical structure for the B-(1-40) does not pene-
trate into hydrophobic vesicle interior, which is
consistent with the present findings in micelle
solution. However, our results disagree with an
earlier report, in which according to CD the B-(1-
42) peptide produced B-sheet structure in water-
SDS solution (Otvos et al., 1993). One possibility
is that, for the latter study, the B-(1-42) samples
were already slightly pre-aggregated before per-
forming the CD experiments, which would
account for presence of mostly B-sheet structure.
For the present study, these problems were alle-
viated for the more aggregation prone p-(1-42) by
using our TFA pretreatment protocol (see
Materials and Methods).

Due to problems with aggregation, only a lim-
ited number of solution NMR studies have been
reported with the B-peptides. A recent concurrent
NMR study of the B-(1-40) in SDS solution indi-
cated that stable o-helices are present at GInl5-
Val36 with a hinge region at Gly25-Asn27 (Coles
et al., 1998), consistent with the present results. In
regard to the other studies, it is important to recog-
nize that often different solvent conditions and
different sized peptides were employed, so the
structures often show some variations. The NMR-
derived tertiary structure for the B-(1-40) peptide
in 40% (v/v) trifluoroethanol (TFE) solution
reportedly contained two well-defined a-helices at
GIn15-Asp23 and Ile31-Met35 (Sticht et al., 1995).
In contrast, the NMR-derived three-dimensional
(2D) structure for the B-(25-35) peptide was com-
pletely a-helical in SDS solution, with the N-term-
inal region exposed to solvent and the C-terminal
region located in the hydrophobic interior (Kohno
et al., 1996), which supports other studies of the
B-(25-35) in bilayer membranes (Mason et al., 1996).
In water solution at pH 5.5, NMR studies of a
B-(10-35)-CONH, fragment demonstrated a turn-
strand-turn motif between His13-Val24 (Lee et al.,

1995). Our earlier reports showed that below pH 3
in 60% TFE or SDS, the B-(1-28) peptide adopts a
completely o-helical tertiary structure, while above
pH 7, the first nine N-terminal residues unfold,
leaving an o-helix at Tyrl0-Lys28 (Zagorski &
Barrow, 1992; Talafous et al., 1994; Marcinowski
et al., 1998). Related NMR studies in dimethyl sulf-
oxide (DMSO) solution also revealed that
the p-(1-28) adopts partly o-helical structure
(Sorimachi & Craik, 1994). In contrast, CD and
NMR studies of a B-(12-28) fragment established
that a shorter GInl5-Lys28 segment becomes
a-helical in SDS solution (Fletcher & Keire, 1997).
An explanation for the shorter a-helix in the latter
study may result from the absence of Glull, which
above pH 4 interacts favorably with the positively
charged N terminus of the longer Tyrl0-Val24
a-helix macrodipole (Zagorski & Barrow, 1992).

Altogether, the present results agree with most
of these previous NMR studies, in that the B-pep-
tide has a propensity for o-helical formation in
membrane-mimicking conditions (TFE or SDS).
Only minor differences were apparent (£0.02 ppm)
from comparing the oH shifts of the present study
to those for the B-(1-40) in 40 % TFE (Sticht et al.,
1995) and the B-(1-28) in SDS and 60% TFE
(Zagorski & Barrow, 1992; Talafous et al., 1994;
Marcinowski et al., 1998). The main differences
relate to the relative lengths of the o-helices. For
example, with the B-(1-28) in SDS at neutral pH
the Tyrl0-Lys28 segment was a-helical, which is
four residues longer than the Tyrl0-Val24 o-helix
for the B-(1-40) and B-(1-42). This difference may
be due to some secondary effect of the 29-42 region
that is absent in the B-(1-28). One possibility is that
the C-terminal Lys28-Ala42 o-helix forms first, and
then subsequently directs the folding of the a-helix
at Tyrl0-Val24. Regarding the previous NMR stu-
dies of the B-(1-40) in 40 % TFE (Sticht et al., 1995),
the a-helices at GIn15-Asp23 and Ile31-Met35 are
close to the best-fit regions of the B-(1-42). These
differences may be due to the effect of TFE versus
micelles, in that the micelles are better in stabiliz-
ing the a-helices and also in preventing aggrega-
tion into B-sheet structures. For the studies in 40 %
TFE, it was reported that some peptide precipi-
tation took place after several days (Sticht ef al.,
1995), which suggests that the B-(1-40) may have
been partly pre-aggregated. Here, our NMR sol-
utions were generally stable for several months
with no peptide precipitation.

Proximity of the B-peptide at the
micelle surface

The present NMR data indicates that the B-(1-
42) peptide remains on the micelle surface and
does not become imbedded into the hydrophobic
interior. First, the extremely rapid NH — ND
exchange rates (within 30 minutes) support a sur-
face location, since if the peptide were located
inside the micelle, then the NH signals should
exchange at slower rates (see, for example Van
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de Ven et al., 1993). Second, the irregular pattern
of the NH-temperature coefficients is consistent
with a surface location, since if a peptide seg-
ment were located in the hydrophobic interior,
then a long stretch of invariable coefficients
should be observed. Such a pattern was seen for
the smaller, non-native B-(25-35) peptide in SDS,
where the C-terminal Ile32-Met35 segment had
reduced coefficients relative to the N-terminal
region (Kohno et al., 1996). Third, TOCSY spectra
obtained with the spin-labeled 12-doxylstearic
acid showed no line broadening, indicative of a
surface location. In contrast, comparable spin-
labeled studies of PhoE signal peptides in SDS
showed selective and significant line broadening,
consistent a buried location of certain residues in
the micelle interior (Chupin et al., 1995). Fourth,
recent work from our laboratory established that
the His side-chains have elevated pKa values in
SDS solution (Clancy, E. H. & M.G.Z., unpub-
lished results), which supports electrostatic bind-
ing to the negatively charged sulfate groups at
the SDS surface (Van Den Hooven et al., 1996).
Fifth, the line widths of the NMR resonances are
smaller than would be expected for a B-(1-42)/
micelle complex that would be approximately
15 kDa (Henry & Sykes, 1994). The narrower line
widths are indicative of conformational mobility
at the micelle surface. For example, differences
were seen with the bacteriophage M13 coat pro-
tein, in that significantly narrower line widths
were found for residues at the micelle surface
compared to residues located in the central rigid
micelle spanning o-helix (Van de Ven et al,
1993).

The above interpretation seems plausible and
consistent with the interaction of other proteins
with micelles, since it avoids the thermodynami-
cally unfavorable implication of burying, for
example, the hydrophobic C terminus into the
micelle interior. Recent studies with a mixture of
neutral and negatively charged bilayer vesicles
showed that the o-helical structure for the B-(1-
40) does not penetrate into hydrophobic vesicle
interior, and instead binds electrostatically to the
outer negatively charged headgroups without
penetration between the polar groups (Terzi et al.,
1997). These results are consistent with the pre-
sent findings in micelle solution. Nevertheless,
because it has also been established that the
B-peptide disrupts membranes containing acidic
lipids (McLaurin & Chakrabartty, 1996, 1997) and
that the 29-42 region has fusogenic properties
(Pillot et al., 1996), it may happen that the hydro-
phobic C terminus undergoes rapid movement,
inside and outside the micelle interior, in a man-
ner that would not reduce the NH — ND
exchange rates, maintain uniform NH tempera-
ture coefficients, or become broadened by a spin
label. Additional NMR relaxation measurements
using °C and N labeled B-(1-42) are currently
being explored to investigate these possibilities
(Williams et al., 1996).

Mechanism of p-amyloidosis and membrane-
bound B-(1-42) as a therapeutic target for
B-amyloid inhibition

Shown in Figure 10 is a hypothetical model for
the association of the B-(1-42) peptide with the SDS
micelle and the aggregation into B-sheet structures.
This mechanism takes into account the present
results and work from other laboratories. The
model emphasizes a conformationally driven
mechanism, in which the three major solution
structures of the B-peptide coexist in equilibrium:
random coil (monomeric), o-helix (monomeric),
and B-sheet (oligomeric).

After proteolysis from APP, the monomeric
B-(1-42) would presumably be unfolded and adopt
a random coil conformation (Figure 10). The ran-
dom coil structure may undergo further proteol-
ysis, with shorter and more soluble products being
excreted. However, even at the low, nano to pico-
molar physiological concentration ranges (Gravina
et al., 1995; Southwick et al., 1996), monomeric
B-(1-42) molecules can converge and aggregate into
stable oligomers (Podlisny et al., 1998). These
B-aggregation processes (random coil — B-sheet)
can be accelerated by brain micro-environmental
changes that include higher peptide concentrations,
decreases in pH (Barrow & Zagorski, 1991; Fraser
et al., 1991; Burdick et al., 1992), or attachment of
the B-peptide to metals or small amounts of race-
mized (Tomiyama et al., 1994) and/or preaggre-
gated peptide that can act as a seed for
precipitation (Jarrett & Lansbury, 1993). Some of
the other components that induce aggregation
include glycosaminoglycans (Snow & Wight, 1989;
Brunden et al., 1993), zinc (Mantyh et al., 1993;
Bush et al., 1994), Apo-E (Strittmatter et al., 1993;
Ma et al., 1994; Evans et al., 1995; Soto et al., 1995¢),
glycation (Smith et al., 1994; Vitek et al., 1994), or
NACP (non-AB protein component precursor;
Yoshimoto et al., 1995).

Alternatively, if monomeric -(1-42) encounters a
hydrophobic micro-environment, similar to the
SDS micelle, then a more stable and predominantly
o-helical structure should form. As discussed
before, this event may occur in human plasma or
cerebrospinal fluid when the B-peptide becomes
attached to lipoproteins, albumin, Apo], a,-macro-
globuln, or transthyretin (Schwarzman et al., 1994;
Matsubara et al., 1995; Biere et al., 1996; Du et al.,
1998). A recent study using synchrotron FI-IR
microspectroscopy showed that the B-peptide
adopts significant quantities of a-helical structure
in the brain grey matter (Choo et al., 1996).
Most likely, the o-helical structure is non-toxic,
since it is monomeric, ordered, and very soluble
(Farhangrazi et al., 1997). Nonetheless, it should be
kept in mind that a lipid-bound o-helical structure
for the B-peptide has yet to be detected in plasma
or cerebrospinal fluid.

When unbound to the SDS micelle or a related
biological lipid, the o-helical conformation can
unfold to random coil structure (a-helix — random
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coil) or aggregate into [-sheet structures
(a-helix — B-sheet). Related conversions for other
peptides and proteins (Dunker et al, 1982;
Batenburgh et al.,, 1988; Fan et al., 1993; Graf v.
Stosch et al., 1995; Shiraki et al., 1995), including
peptide segments of the prion proteins (Nguyen
et al., 1995; Zhang et al., 1995) are well documen-
ted. When the aggregation reaches a critical mass,
the B-sheet structure precipitates as amyloid and
reconversion back to the soluble random coil or
a-helical structures is not possible (Barrow ef al.,
1992; Tomski & Murphy, 1992; Shen & Murphy,
1995). The mechanisms whereby the B-sheet struc-
ture exerts its neurotoxicity remain unknown
(Sayre et al., 1997). Recent data suggests that sol-
uble B-sheet oligomers are toxic (Roher et al., 1996;
Garzon-Rodriguez et al., 1997; Lambert et al., 1998),
with the larger amyloid plaques further disrupting
neuronal circuitry. It is well known that mono-
meric and oligomeric species of B-peptide exist in
equilibrium in aqueous solution and in tissue cul-
ture medium (Pike et al., 1991; Knauer et al., 1992;
Esler et al., 1996b; Johnstone et al., 1996, Huang
et al., 1997). It may happen that such soluble
B-sheet structures produced before the plaque are,
likewise, resistant to proteolysis, similar to soluble
peptide segments of the amyloid forming prion
proteins (Zhang et al., 1995).

Major research efforts focus on identifying
inhibitors of B-amyloidosis (Lansbury, 1997). In
fact, numerous studies have already uncovered
B-amyloid inhibitors that may also prevent the
associated neurotoxicity, which include Congo red
(Lorenzo & Yankner, 1994; Brining, 1997; Podlisny
et al, 1998), transthyretin (Schwarzman et al,
1994), apolipoproteins (Evans et al, 1995;
Matsubara et al., 1996; Wood et al., 1996a), site-
directed monoclonal antibodies (Solomon et al.,
1997), melatonin (Pappolla et al., 1998), and short
peptide fragments that presumably bind to the
Lys16-Leul7-Val18-Phel9-Phe20 [-peptide region
(Ghanta et al., 1996; Soto et al., 1996; Tjernberg et al.,
1996). However, the therapeutic potential of these
compounds is somewhat limited, due to the lack of
detailed structural data about their binding to the
B-peptide. Such structural information would
greatly reduce the time required for the develop-
ment of more appropriate analogs with greater
specificity and capacity to cross the blood-brain
barrier. In this regard, we believe that the o-helical
structure provides an appropriate target for the
design of amyloid inhibitors, since it is monomeric,
stable, and suitable for modern structure-based
drug design methods (Craik, 1996). As for the nic-
otine-inhibition to P-amyloidosis (Salomon et al.,
1996), the NMR work established that nicotine
binds to the His13 and His14 side-chains of the
Tyrl0-Val24 o-helix, and this prevented an a-
helix — B-sheet conversion and B-amyloid precipi-
tation. As discussed before, an interesting feature
of the PB-(1-42) tertiary structure is the relative
proximity of the predominantly polar, charged
Tyr10-Val24 o-helix and the mostly hydrophobic

Lys28-Ala42 a-helix. A possible amyloid inhibitor
could be designed with charged and neutral ends,
which may bind more effectively to the Tyrl0-
Val24 and the Lys28-Ala42 o-helices, respectively
(Figure 10). Such binding processes could stabilize
the ao-helices and prevent their rearrangement to
the PB-sheet, thus slowing down amyloidosis. In
view of the lack of any effective treatments for AD,
this approach may be an important prerequisite to
a more rapid development of appropriate analogs
to prevent amyloid formation.

Conclusions

The present study established that the SDS
micelle encourages formation of predominantly
a-helical structure for the B-peptide, that does not
become inbedded into the micelle interior. Upon
interaction with a naturally, charged membrane,
the B-peptide region would be expected to initially
adopt a-helical structure that does not insert into
the hydrocarbon interior. Such stabilization may be
critical to preventing an o-helix (soluble, mono-
meric) — B-sheet (insoluble amyloid deposit, toxic)
conformational transition from occurring in the
brains of AD patients. Although the structure
obtained herein is different than what would be
seen in the amyloid plaque, it has relevance for the
association of the B-peptide with cellular mem-
branes or lipoproteins and is, therefore, a structure
that one would want to stabilize by pharmacologi-
cal means as a potential therapeutic target.

Materials and Methods
Peptide purification

The primary amino acid sequence for the amyloid
B-(1-42) peptide is the following: H;N*-D'-A-E-F-R>-H-
D-S-G-Y'°-E-V-H-H-Q"-K-L-V-F-F?°-A-E-D-V-G®-5-N-K-
G-A¥I-I-G-L-M*-V-G-G-V-V¥-[-A*2-COO~. The amy-
loid B-(1-40) peptide has the identical sequence, except
that the last two C-terminal residues (Ile41 and Ala42)
are absent. Both peptides were purchased unpurified
(Anaspec, Inc.), and then purified by high-performance
liquid chromatography (HPLC) using a Millipore model
600E HPLC system, equipped with a Zorbax-300 bonded
silica column (Rockland Technologies, Inc.), column hea-
ter (model 1233, Eldex, Inc.) and controller (CH-150,
Eldex, Inc.). The solvent system consisted of a linear gra-
dient of 20 %-80 % acetonitrile and 0.1 %-0.08 % trifluor-
oacetic acid (TFA) in water, which was heated to 55°C
to improve peak resolution and purity (Boyes, 1995).
Peptide identity, verified by mass spectrometry (MS) and
NMR, had purity levels greater than 85% (Jao et al.,
1997).

Sample preparation

The solvents TFA and hexafluoroisopropanol (HFIP)
were distilled under an inert atmosphere of nitrogen
(N,) and stored in opaque bottles at 5°C. The perdeuter-
ated SDS-d,s, ethylenediamine tetraacetic acid (Na,ED-
TA-d,,), 3-(trimethylsilyl)propionate-2,2,3,3-d, (TSP), and
the solvent 2H,O were obtained from Isotec, Inc. or Cam-
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bridge Isotopes, Inc. The 12-doxylstearic acid was
obtained from Sigma, Inc., and the solvent H,O was dis-
tilled, HPLC grade that was essentially free of most
organic and inorganic contaminants. Because the B-(1-40)
and B-(1-42) peptides aggregate in the acetonitrile-water
used for HPLC purification (Shen & Murphy, 1995), after
purification and solvent removal, the dry purified pep-
tides adopt mixtures of structures (a-helix, random coil,
and PB-sheet) and aggregation states (Soto et al., 1995b).
This property greatly affects their solubility and the abil-
ity to obtain reproducible NMR measurements. To over-
come these problems, we first pretreated the dry
peptides with neat TFA (Jao et al., 1997). This procedure
was performed on all peptide samples before they were
dissolved in the buffered aqueous solution for NMR
measurements.

The B-(1-40) and B-(1-42) peptide solutions (0.60 ml)
were prepared at concentrations of 0.1-1.4 mM. The sol-
vent free, TFA pretreated peptides were first dissolved in
HFIP-d, (0.10 ml), followed by the addition of an aliquot
(0.50 ml) of an SDS-d,s solution in water that also con-
tained 20 mM sodium phosphate buffer at pH 7.2,
0.05 mM Na,EDTA-d;,, 0.05 mM sodium azide (NaNj),
and 0.05 mM TSP. The latter three components were
included to remove trace metal ions, prevent microbial
growth, and provide an internal chemical shift reference
at 0 ppm, respectively. The small amount of HFIP
(10-15% by volume) in the final SDS-water solution does
not influence the secondary structure, as determined by
comparing CD and NMR spectra with and without the
HFIP. The SDS-d,5 concentration was kept high relative
to the peptide concentration, so that it was well above
8 mM (the critical micelle concentration) and also above
the average aggregation number (Henry & Sykes, 1994).
The pH values were measured at room temperature and
corrections for isotope effects or for the presence of
HFIP-d, and SDS-d,; were not performed, since control
experiments showed that these substances did not sig-
nificantly alter the pH.

Nuclear magnetic resonance spectroscopy

All '"H NMR spectra were obtained at 600 MHz using
a Varian UnityPlus-600 spectrometer. The probe tem-
peratures were calibrated using dry methanol and dry
dimethyl sulfoxide (Van Geet, 1970). The NMR data
were transferred to Indigo-X524-R4000 (Silicon Graphics,
Inc.) computer workstations and processed using the
FELIX program (version 95.0, Biosym, Inc.).

The 2D NMR experiments included the NOESY
(Kumar et al.,, 1980), and the clean TOCSY (Griesinger
et al.,, 1988), the latter using a DIPSI isotropic mixing
pulse sequence (Bax & Davis, 1985; Shaka et al., 1988).
For the TOCSY and NOESY, the mixing times were
20-70 ms and 120-270 ms, respectively. Depending on
the acquisition and mixing times, the total recycle delay
between scans was 1.5-2.0 seconds. All experiments were
obtained with 2048 or 4096 complex points in the F,
dimension and 128-256 complex increments in the F,
dimension each consisting 40-118 scans. The number of
scans and increments was largely dependent on the pep-
tide concentration, with more scans and less increments
being acquired for more dilute samples. The carrier was
placed in the center of the spectrum at the position of
the water signal. Before Fourier transformation, the spec-
tra were multiplied by a Lorentzian-to Gaussian window
function in F,, and a 80-90° phase-shifted sinebell or
sinebell squared in F;. Baseline roll was reduced by care-

ful adjustment of the intensity of the first points in F,
and F;, and by the application of a FLATT baseline cor-
rection of the rows in the final 2D matrix (Guntert &
Wiithrich, 1992).

To check for the possibility of «H and NH signal loss
from water presaturation at pH 7.2, NOESY experiments
were acquired with different methods to suppress the
water signal, which included the standard presaturation,
the Jump-Return sequence (Plateau & Gueron, 1982),
and the WATERGATE pulse field gradient technique
(Piotto et al., 1992; Kay, 1995). All three techniques gave
comparable results, demonstrating that there was no
detectable signal loss by the presaturation method.

The amide-NH temperature coefficients were obtained
from NOESY spectra at 15.0, 20.0, 25.0 and 30.0°C. The
temperature coefficients (—A8/AT, ppb) were taken as
the slopes from a least-squares computer fitted lines of
the chemical shifts against temperature. For the NH-
exchange experiments, a sample of B-(1-42) in water with
SDS-d,; was lyophilized to dryness, re-dissolved in
?H,0. Both 1D and 2D NMR data were acquired at
probe temperatures of 12°C and at different time inter-
vals since sample dissolution. To determine whether the
B-peptides were located in the interior or exterior of the
SDS micelle, the effect of the spin-labeled 12-doxylstearic
acid on the 'H signals was investigated. Two TOCSY
spectra for a 0.70 mm B-(1-40) solution (0.5 ml) in *H,O
containing 66 mM SDS-d,5 at pH 7.3 were obtained: one
spectrum before and the other spectrum after the
addition of an aliquot (10 pl) of a 37 mM 12-doxylstearic
acid solution in methanol-d,. The molar ratios of peptide
to micelle and peptide to 12-doxylstearic acid were
1.0:1.0 and 1.0:0.9, respectively. To prevent air-oxidation
of the spin label, the NMR solutions were degassed and
covered with a blanket of N,. The intensities of the
TOCSY cross-peaks in the presence and absence of spin-
labeled acid were compared.

Distance restraints

The NOESY cross-peak intensities (mixing time
270 ms, 20.0°C) were determined with the FELIX pro-
gram (version 97.0, Biosym, Inc.) and converted to dis-
tance restraints. The NOESY spectra obtained at mixing
times of 120 and 270 ms were nearly identical, and any
additional weak NOEs that were present in the longer
mixing time NOESY were not used as restraints. From
the NOESY data, 121 intra-residue and 125 inter-residue
restraints (84 sequential and 41 medium range) were
obtained. The intra-residue restraints with redundant
covalent limits were discarded by the distance geometry
(DGII) programs (Biosym, Inc.). The NOEs classified as
strong, medium, and weak corresponded to interproton
distance restraints of 1.8-2.5, 1.8-3.5, and 1.8-5.0 A,
respectively. Cross-peaks with greater than 30% over-
lapped area were used as qualitative upper bound
restraints of 1.8-5.0 A, and pseudoatom corrections were
used for degenerate peaks. In situations where prochiral
constituents were spectroscopically distinguishable, but
not assigned stereospecifically, the resonance was
assigned arbitrarily and allowed to freely interchange
their chiralities during the structure calculations.
Additional 0.5 and 1.0 A upperbound limits were
applied to intra- and inter-residue NOEs involving
methyl peaks. Although the amide-NH temperature
coefficients established the presence of some reasonably
strong hydrogen bonds, hydrogen bond constraints were
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not employed, since they can sometimes bias the struc-
ture refinement.

Structure calculations

Structures were computed using a well-established
DGII method (Havel, 1991), which was part of the NMR-
refine module of the INSIGHT II program (version 95.0,
Biosym, Inc.). Before starting the DGII calculations, an
extended linear chain of the B-(1-42) peptide was con-
structed using the BIOPOLYMER module and then mini-
mized with the DISCOVER program (version 2.97,
Biosym, Inc.). The DGII protocol includes bound smooth-
ing, in which triangular inequality limits are determined
for distance geometry, followed by random metrization
with the coordinates and the appropriate distances
obtained by angular embedding and majorization pro-
cedures. The final structures are optimized by simulated
annealing and conjugate gradient minimization pro-
cedures. For the B-(1-42), an initial set of 30 structures
was calculated using 246 distance restraints enforced
with a force constant of 1 kcal/mol A2 After the initial
calculations, the restraint file was checked to make cer-
tain adjustments and to identify misassignments. This
step was repeated several times before the final calcu-
lations. Of the 30 structures, 12 were discarded before
further minimization because of the large constraint vio-
lations (greater than 0.35 A). The remaining 18 structures
were further minimized in the DISCOVER module using
a CVFF forcefield with an enforced dielectric constant of
1, side-chains with their expected charges at pH 7.2, and
the distance restraints enforced with a force constant of
30 kcal/mol A2 All the force constants were scaled to
1.0. The first stage of minimization consisted of 200 iter-
ations of steepest descent, followed by 2000 iterations of
conjugate gradients minimizations to reduce the repul-
sive non-bonded contacts. These procedures reduced the
final average energies from an initial 2698 kcal/mol
down to 398 kcal/mol.
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