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Abstract: The major protein constituent of amyloid deposits in Alzheimer’s disease is theâ-peptide, which in
solution can fold as a random coil, monomericR-helix, or oligomericâ-sheet structure, the latter structure
being toxic and eventually precipitating as amyloid. In this report, using circular dichroism and nuclear magnetic
resonance spectroscopic techniques, we demonstrate that in micelle solution theR-helical structure is the
predominate structural motif and that its stability is highly dependent on the pH and the surface charge of the
micelle. A peptide fragment comprised of residues 1-28 of theâ-peptide [â-(1-28)], which occupies the
presumed extracellular domain of the amyloid precursor protein and the negatively charged sodium dodecyl
sulfate (SDS), the positively charged dodecyltrimethylammonium chloride (DTAC), and the zwitterionic, neutral
dodecylphosphocholine (DPC), was utilized. In SDS and DPC, nuclear Overhauser enhancement spectroscopy
and theRH chemical shifts showed that at pH 2-3 there are twoR-helical regions located within the Ala2-
Asp7 and Tyr10-Lys28 peptide regions. Temperature coefficients for the amide-NH established that the
1-28 region is located at the micelle surface and does not insert into the hydrophobic interior. Above pH 4,
no R-helix forms in DPC, whereas the Tyr10-Lys28 helix remainedR-helical in SDS up to pH 9.5. With
DTAC, theR-helix formed at high pH, and below pH 4 only random coil was present. Most importantly, the
present data demonstrate that micelles prevent formation of the toxicâ-sheet structure for the 1-28 region,
which may eventually have therapeutic implications for the treatment of Alzheimer’s disease.

Introduction

Alzheimer’s disease (AD) is characterized by an abundance
of amyloid deposits that contain theâ-peptide, a small (39-43
amino acids) peptide with heterogeneous termini that is gener-
ated from cleavage of a larger amyloid precursor protein
(APP).1,2 Extracellular amyloid plaque core is primarily
composed of theâ-(1-42), while cerebrovascular amyloid
contains the more solubleâ-(1-39) and â-(1-40) peptides
(Figure 1). Theâ-(1-28) andâ-(29-42) peptides, which are
composed of amino acid residues 1-28 and 29-42, occupy
the extracellular and transmembrane domains within APP.

The â-peptide is ubiquitous in the biological fluids of
humans.3-6 Because individuals with or without AD have
comparable amounts of solubleâ-peptide in plasma and
cerebrospinal fluid,4,7 a distinguishing feature is the presence
of larger amounts of the insoluble (amyloid) form in the brains

of AD patients. In vitro studies8-12 indicate that synthetic
â-peptides can adopt random coil, monomericR-helical, or
oligomeric â-sheet conformations in solution. TheR-helical
conformation is very soluble, whereas theâ-sheet conformation
is oligomeric and neurotoxic and eventually precipitates as an
amyloid.13 At low and high pH, theâ-(1-28) is mostly
unstructured in aqueous solution but becomesR-helical in
membrane mimetic environments such as trifluoroethanol (TFE).
At pH 4-7 the peptide rapidly produces an aggregatedâ-sheet
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Figure 1. Amino acid sequence of the amyloidâ-(1-42) peptide, with
the â-(1-28) peptide region occupying residues 1-28. To exemplify
the amphipathicity, the charged and noncharged, polar residues are
shown in bold and underlined, respectively.
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Although theâ-(1-28) peptide does not bind to pre-existing
amyloid plaques,14 it is an appropriate structural model for the
completeâ-(1-42) peptide, since it produces soluble monomeric
R-helical structures,8,12as well as plaque-like oligomericâ-sheet
structures, similar to those found in natural amyloid plaques.15,16

In fact, it has been proposed that theR-helix in the 1-28 region
is critical to normal R-secretase cleavage of APP, which
generates non-amyloidogenic APP fragments.17 The hydropho-
bic 29-42 region increases the rate of aggregation andâ-sheet
production and probably also accounts for its attachment to pre-
existing amyloid plaques.10,11,18,19Notwithstanding over a decade
of research efforts aimed at preventing amyloid formation in
AD, the mechanisms in which theâ-peptide self-assembles in
vivo into amyloid remain unknown.

Numerous studies have documented the importance of
â-peptide/lipid interactions in AD. In plasma or cerebrospinal
fluid, the â-peptide binds to various hydrophobic macromol-
ecules such as apolipoproteins (Apo-E and Apo-J), high-density
lipoproteins (HDL), albumin, transthyretin, proteasomes, and
other lipoproteins, which may have implications for the circula-
tion of the â-peptide in biological fluids.20-24 Other research
has shown that interactions of theâ-peptides with lipid bilayers
or neuronal membranes can increase both the fluidity and
intracellular calcium levels, produce voltage-dependent ion
channels, and exert other effects such as blockage and excit-
ability on potassium channels.25-29 These processes, along with
the aggregation intoâ-sheet structures,30,31 are thought to be
involved in theâ-peptide-induced neurotoxicity. Together, these
results demonstrate that the aggregation state and structure of
the â-peptide in membrane-like environments are important
pathological events in AD.

To provide a molecular basis for the role of biological
membranes in amyloid formation, the solution structures of the
â-(1-28) peptide in detergent micelles was investigated using

CD and NMR as complimentary spectroscopic techniques. The
approach of using micelles such as sodium dodecyl sulfate
(SDS) and dodecylphosphocholine (DPC) to mimic the molec-
ular environment of biological membranes has been successfully
applied to many peptides and proteins.32-34 Micelles from the
negatively charged SDS, neutral DPC, and positively charged
DTAC detergents were used as membrane models. Some of
these results were reported by us earlier,35,36 and the present
work represents a more comprehensive study that demonstrates
that the micelle charge and solution pH have profound outcomes
in promoting structure. TheR-helix is stabilized over a wide
pH range in the charged SDS and DTAC micelles, whereas with
the zwitterionic, neutral DPC micelle, theR-helix exists only
below pH 4. The present work also establishes that theâ-(1-
28) associates on the micelle surface, consistent with its location
in the extracellular region of the APP. The implications of these
data to the binding of theâ-peptide to biological lipids and
amyloid formation are discussed.

Results

Circular Dichroism Studies. The CD spectra for theâ-(1-
28) peptide in SDS, DPC, and DTAC solutions are shown in
Figure 2. Spectra were obtained at pH values ranging from
approximately 2 to 11. Within this pH range, the SDS, DPC,
and DTAC micelles retain their net negative, neutral, and
positive charges, respectively, since their pKa values are well
below 1.37,38 The CD spectra establish that there are two
predominant conformations, random coil andR-helix. Typi-
cally, spectra for theR-helix have a strong positive band at 195
nm and two, intense negative bands at 208 and 222 nm, while
the random coil is characterized by a strong negative band at
198 nm.39,40 No discernibleâ-sheet structure was detected in
any of the micelle solutions, which would be noticed by a
distinct broad negative band at 217 nm. The isodichroic points
at approximately 205 nm, which is a region where all CD traces
converge, demonstrate that two conformations, theR-helix and
random coil, coexist in solution.

In SDS, theâ-(1-28) peptide adopts predominatelyR-helix
(Figure 2A), which remains somewhat constant at approximately
75-85 and 50-65% within two pH ranges, pHs 3.0-5.0 and
5.8-9.5, respectively (Table 1). At pHs 10.9 and 11.8, the
peptide becomes random coil, as demonstrated by the intense
negative band at 198 nm.

With the zwitterionic, neutral DPC micelle, littleR-helix
forms above pH 4.4 (Figure 2B), in which theR-helical content
drops to 10-20% with the major conformation being random
coil. At acidic pH, however, the CD data in SDS and DPC are
very similar, showing about 85%R-helix (Table 1). In 60%
TFE, approximately 85%R-helix also forms at low pH, which
together indicates a greater helical propensity at acidic pH.18
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The data at midrange pH (4-7) and neutral pHs suggest that
SDS is more hydrophobic andR-helix promoting than DPC,
consistent with CD and NMR studies of prion protein frag-
ments.41

Interaction of theâ-(1-28) peptide with the positively
charged DTAC micelle showed predominantly random coil
structure at low pH andR-helix at high pH (Figure 2C). This
pattern is opposite to that seen in SDS, except that slightly more
helix exists in SDS at neutral pH (Table 1). TheR-helical
content at pH 3.0-3.5 was estimated to be 10, 80, and 85% in
DTAC, DPC, and SDS solutions, respectively (Table 1).

Identical secondary structure estimates were obtained within
the peptide concentration range 1.0-0.02 mM, thus establishing
that theR-helical structure is monomeric. Additionally, identical
results were obtained at 20 and 75 mM micelle concentrations,
which are both well above the critical micelle concentrations
for SDS and DPC.33,42

At low and high pH, in aqueous solutions without micelles,
theâ-(1-28) is predominantly random coil, although at pH 4-7
â-sheet structure forms.9,18,43In 60% TFE, theR-helix forms at
low and high pHs, similar to the present data, whereas at pH
4-7, an irreversibleR-helix (monomeric)f â-sheet (oligo-
meric) conversion occurs. These studies establish that membrane-
like media with a charged surface are more effective in
stabilizing the solubleR-helical conformation of theâ-peptide
in the physiological pH range and prevent aggregation into the
â-sheet. For all micelle solutions, the conformations were stable
and reproducible over the complete pH range. The samples
remained clear and no peptide precipitation took place, which
suggests amenable systems for solution NMR studies.

NMR Studies. To specifically locate theR-helical and
random coil regions in the primary sequence, theâ-(1-28) was
further studied by1H NMR. Both SDS and DPC have relatively
small sizes that undergo rapid isotropic motions, thus enabling
high-resolution NMR spectra to be obtained. In addition, these
micelles are commercially available in perdeuterated forms
(DPC-d38 and SDS-d25), which eliminates their1H resonances
and overcomes problems of possible NOE spin diffusion effects
within the micelle. Since the CD data showed maximum
R-helix formation at acidic pH, the NMR studies were initially
performed below pH 3. These studies would establish whether
the same peptide regions become helical in SDS and DPC.

With the exception of minor chemical shift differences for
some residues at the N-terminus, 1D1H NMR spectra obtained
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Figure 2. CD spectra for theâ-(1-28) (250µM) in aqueous solution
containing three different micelles: the negatively charged sodium
dodecyl sulfate (SDS) (A), neutral dodecylphosphocholine (DPC) (B),
and positively charged dodecyltrimethylammonium chloride (DTAC)
(C). The chemical structures of the micelles in monomeric form are
provided above the CD data. Spectra obtained at different pH values
are color-coded for a particular pH and labeled within the figure. The
spectra demonstrate the sensitivity of conformation with pH, with the
R-helix favored at low and midrange pH in SDS, low pH in DPC,
and high pH in DTAC solutions. The percentR-helix for each pH
are summarized in Table 1. The presence of isodichroic points
demonstrate that two conformations (R-helix and random coil) coexist
in solution.

Table 1. Effect of pH on the Percentage ofR-Helical Structure for
the â-(1-28) Peptide in DTAC, DPC, and SDS Micelle Solutionsa

DTAC DPC SDS

pH % helix pH % helix pH % helix

2.0 0 2.4 85 3.0 85
3.4 10 3.5 80 4.0 85
4.7 5 4.4 20 5.0 75
5.3 10 5.0 15 5.8 65
6.2 20 6.0 10 7.0 55
7.3 35 6.9 5 7.9 55
8.1 60 7.7 5 9.5 50
9.6 75 8.6 5 10.9 10

10.3 85 9.7 0 11.8 0
10.9 85 10.9 0
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in SDS or DPC atâ-(1-28) concentrations of 0.41 mM were
virtually identical to those obtained at 2.0 mM. The lack of
any concentration-dependent changes in the chemical shifts
supports the presence of monomeric structure for theâ-(1-
28).44 In addition, there were no significant changes in chemical
shifts with alterations of the micelle/peptide ratio, thus showing
that the occurrence of one peptide molecule per micelle does
not influence the secondary structure.32,33

To further address the issue of aggregation, we measured the
diffusion coefficients (D) of the â-(1-28) in SDS solution at
two different peptide concentrations, using well-established pulse
field gradient (PFG) techniques.45 The D provides reliable
information about the molecular sizes and the apparent molec-
ular weights of proteins and, in some cases, can also provide
fractional populations of different oligomeric states.46 For the
â-(1-28), theD values were obtained by monitoring signal
losses in the upfield methyl and downfield aromatic spectral
regions as a function of gradient strength. At 0.2 and 2.0 mM
â-(1-28) concentrations, the overallD values (micelle and
peptide) were 6.1× 10-7 and 6.3× 10-7 cm2 s-1, respectively.
These values are experimentally indistinguishable and are within
the precision of our measurements ((0.24× 10-7 cm2 s-1), as
determined by performing the measurements in triplicate.
Altogether, the diffusion measurements, along with the data
obtained in the 1D NMR and CD concentration studies (previous
paragraph), establish that within the 0.2-2.0 mM concentration
range the aggregation state is constant and compatible with a
monomeric structure.

Shown in Figure S1 is the complete 2D nuclear Overhauser
enhancement spectroscopy (NOESY) spectrum (250-ms mixing
time) in DPC solution. Spectra acquired with shorter mixing
times had identical but weaker cross-peak intensities, indicating
that spin diffusion was negligible. The presence of numerous,
well-resolved cross-peaks indicates that the peptide is folded
and that assignments should be possible using standard homo-
nuclear NMR methods. The well-established sequential as-
signment protocol was used to assign the complete1H NMR
spectra of theâ-(1-28) in SDS and DPC.47-50 Two experiments
were utilized to complete the assignments: (1) the total
correlation spectroscopy (TOCSY) experiment that provides
through-bond, direct (two- or three-bond), and relayed con-
nectivity (greater than three bonds) and (2) the NOESY
experiment that provides through-space connections. The
TOCSY spectra (not shown) were used to identify spin systems,
while the NOESY spectra were used to obtain inter-residue
connectivities and an accurate estimation of the secondary
structure. Another NMR parameter for the identification and
location of secondary structures comes from the backbone
J-coupling constant data. Unfortunately, due to the increased
line widths in the micelle solutions, coupling constants could
not be measured from standard COSY experiments.

An expanded region of the NOESY spectrum in DPC is
shown in Figure 3. This spectrum demonstrates numerous
sequential NH(i) to NH(i+1) NOEs [NN(i,i+1)] between
adjacent amide-NH protons, which is diagnostic forR-helices.

Additional inter- and intra-residue NOEs from the aromatic ring
protons of Tyr10, Phe19, and Phe20 are also shown. Analysis
of the NOESY data in other regions showed numerous medium-
rangeRN(i,i+2), RN(i,i+3), andRâ(i,i+3) NOEs, which are
likewise consistent with a predominantlyR-helical structure, in
accordance with the CD data (Table 1). A complete listing of
the inter-residue NOEs in SDS and DPC is shown in Figure 4,
and the complete1H NMR assignments are provided in Tables
SI and SII.

Most of theRH signals appear upfield relative to random
coil shift values, indicative ofR-helical structure.51 The NOE
data in SDS and DPC are very similar (Figure 4), as well as
with previous data obtained in 60% TFE.52 The major differ-
ences are in the Tyr10-Val18 region, in which there are four
RN(i,i+2) NOEs in DPC compared to only one in SDS. This
suggests that a shorterR-helix or possibly 310-helix may be
present in DPC. However, the presence of twoRN(i,i+4) NOEs
indicates that a 310-helix is not likely present, although it may
exist as a minor species in the conformational ensemble. Further
inspection of the NOE data suggests that in SDS and DPC there
are twoR-helical segments, Ala2-Asp7 and Tyr10-Lys28, with
the Ser8-Gly9 region serving as a connecting segment between
the two helices. There are differences in the stabilities of the
two helical regions, in that the Ala2-Asp7 helix has a greater
tendency to unfold into a random coil structure, as previously
seen in 60% TFE.52 The number ofR-helical NOE connectivities
and their intensities are greater for the Tyr10-Lys28 helix,
particularly with the medium-rangeRN(i,i+3) andRâ(i,i+3)
NOEs (Figure 4).
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Figure 3. Expanded 2D NOESY showing numerous amide-amide
(NH-NH) connectivities. Intra- and inter-residue NOE interactions
between the aromatic 2,6Hs of Tyr10 and the NH of both Tyr10 and
Glu11, as well as between the 2,6Hs of Phe19 and Phe20 to the NHs
of Phe19, Phe20, and Ala21 are shown. Data were processed on a
Silicon Graphics Indigo computer using the FELIX program (version
95.0, Biosym, Inc.).
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The NMR experiments were not conducted in DPC solution
above pH 5, since the CD data showed primarily random coil
structure (Table 1). However, above pH 5 in SDS, nearly
identical inter-residue NOEs were seen within the Tyr10-Lys28
segment, while those for the Asp1-Gly9 region mostly disap-
peared. This observation is consistent with a disordered
structure at Asp1-Gly9 and retention of theR-helix at Tyr10-
Lys28 at pH 5-8. These latter results are also consistent with
the CD data, which showed both random coil andR-helix in
SDS at midrange pH values (Table 1).

There were notable differences in the stabilities of the
R-helices with temperature. Above 35°C, in DPC solution,
NOE cross-peaks were barely detectable, and below 15°C, the
amide-NH signals became too broad for reliable signal detection.
At 40 °C in DPC, theâ-(1-28) peptide became completely
unfolded as a random coil structure. This was apparent from
the degeneracy of many signals such as the Ala2 and Ala21
methyls, the appearance of narrow line widths and a reduction
of the amide-NH chemical shift range to 0.79 ppm compared
to 0.98 ppm at 20°C. The R-helical structure was restored
with reductions in temperature, indicating thatR-helix (lower
temperature) and random coil (higher temperature) coexist in
DPC solution. By comparison, in SDS, nearly identical NOE
data were seen at 25 and 50°C, which indicates that the
negatively charged SDS stabilizes theR-helix and prevents an
R-helix f random coil interconversion at higher temperatures.
The changes seen with DPC are not due to a possible denaturing
effect, since it is well-known that the micelle aggregation state
and size are stable at elevated temperatures.37

To further investigate the role of temperature onR-helical
stability, the temperature coefficients for the amide-NH protons
were determined.47 It was not possible to obtain amide-NH
exchange rates with2H2O solvent, since they were too rapid to
be measured by fast-2D NMR methods. Also, extensive signal
overlap prevented utilization of 1D NMR for the exchange
measurements. The temperature dependence of the amide-NH
chemical shifts is a relatively reliable indicator of hydrogen bond
strength and shielding from the solvent. In general, a coefficient
of less than 5 is indicative of a solvent-shielded amide-NH.
Using TOCSY and NOESY data, the chemical shifts for the
amide-NH peaks were obtained in SDS and DPC over 15-40
and 15-50 °C ranges, respectively. The coefficients are plotted
in Figure 5, and for comparison, those in 60% TFE are also
included in the graph.52 The magnitude of the coefficients are
quite different in SDS and DPC, with much lower values seen
in SDS. This observation is consistent with the retention of
NOEs in SDS at 50°C. This majority of the coefficients in
DPC are greater than 5, which, together with the loss of NOEs
above 35°C, establishes that the neutral DPC micelle is less
effective in stabilizing theR-helix. The most significant
differences in coefficients occur within the Tyr10-His13 region,
where there is a 12 ppb/°C difference in the coefficients for
His13 in SDS and DPC and about 7 ppb/°C difference for Val12
in 60% TFE and SDS. For all conditions, the coefficients for
the His14-Val18 region are low, indicating that these amides
are the most shielded from solvent and this represents a stable
region of theR-helix. Interestingly, the Phe19-Phe20-Ala21-
Glu22 region has the largest coefficients in all three solvent
systems, suggesting that this segment may unfold first at
elevated temperature. The random pattern of coefficients,
together with extremely rapid exchange rates in2H2O solvent,
suggests that no peptide region is located within the hydrophobic
interior of the SDS or DPC micelles.

Discussion

A major aim of our research is to unravel the molecular
mechanisms ofâ-amyloidosis. More specifically, we focus at

Figure 4. Summary of the observed inter-residue NOE connectivities
for theâ-(1-28) in water (9:1, H2O:D2O) containing SDS-d25 (A) and
DPC-d38 (B). The complete assignments and conditions are provided
in Supporting Information Tables SI and SII. The thickness of the
horizontal bars corresponds approximately to the size of the NOE
intensities. These data are nearly identical to previous results seen in
60% TFE solution,52 compatible with a tertiary structure consisting of
an R-helix (Ala2-Asp7), hinge (Ser8-Gly9), andR-helix (Tyr10-
Lys28).35

Figure 5. Graphical plot of the primary sequence against amide-NH
temperature coefficients for NMR data (pH 2.5-3.0) in DPC (dotted
line, squares), 60% TFE (single line, diamonds),52 and SDS (bold line,
circles). The random pattern of the coefficients establish that theâ-(1-
28) peptide is located at the surface of the SDS and DPC micelles and
that the negatively charged SDS micelle is most effective in stabilizing
the R-helical structure. By contrast, theR-helical structure unfolds
rapidly with the neutral DPC micelle. The coefficients in DPC and
60% TFE were obtained from NMR data over 15-35 °C, while those
in SDS were 15-50 °C.
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elucidating the environmental variables that favor production
of the non-amyloidogenicR-helical structure. In previous
studies, we and others have showed that the predominance of a
particular solution structure is highly dependent on the solvent
hydrophobicity, pH, ionic strength, and peptide concentra-
tion.8-12,53-59 Detailed knowledge of these factors may later
guide the development of suitable therapeutic approaches to
prevent a relatedR-helix (soluble, monomeric)f â-sheet
(soluble, aggregated, toxic)f â-sheet (insoluble, toxic, amyloid
deposit) from occurring in AD.

The purpose of the present study was to examine the effects
of membrane mimetic environments on the solution structures
and aggregational properties of residues 1-28 of theâ-peptide.
It is well documented that theâ-peptide becomes localized in
membrane-like or lipid-rich regions in the brain, which includes
binding to lipoproteins or other hydrophobic macromolecules.
The SDS, DPC, and DTAC micelles provide a heterogeneous
amphiphilic environment that adequately mimics a biological
membrane surface.32-34 Thus, the micelles are systems amenable
to biophysical studies of peptides and are particularly applicable
for solution NMR techniques.

Effects of pH, Temperature, and Micelle Charge on the
Stability of r-Helical Structure. Due to the conformational
sensitivity of theâ-peptide to solution conditions, before starting
NMR measurements, we first conducted thorough CD studies.
This enabled us to explore rapidly the influence of variables
such as the pH and micelle concentrations on the secondary
structures. The CD results establish thatR-helix formation is
strongly dependent on the pH and the surface charge of the
micelle. In general, micelles with charged surfaces favor helix
production, particularly the negatively charged SDS. Outlined
in Figure 6 is a model for the interaction of theâ-(1-28) peptide
with the SDS, DPC, and DTAC micelles at pHs 1-3, 4-8,
and 9-12. This mechanism takes into account the importance
of electrostatic interactions for the binding between theR-helix
and the micelles. The location of the peptide at the micelle
surface, rather than the hydrophobic interior, is consistent with
the amide-NH temperature coefficients and the rapid deuterium
exchange rates, and this is further discussed in the next section.

Below pH 3, the nearly identical CD and NOE data in DPC
or SDS suggest that similarR-helical structures are present
(Figure 6). The NOE data show numerous sequential NN(i,i+1)
and medium-rangeRN(i,i+3) andRâ(i,i+3) NOE connectivities,
characteristic forR-helices (Figure 4). The NOE data support
a structure composed of twoR-helices involving residues Ala2-
Asp7 and Tyr10-Lys28, similar to the secondary structure
obtained in 60% TFE.35,52

Above pH 4, theR-helix unfolds in DPC solution to generate
random coil structure (Figure 6C), whereas in SDS, residues
1-9 adopt an extended chain and the Tyr10-Lys28 region
remainsR-helical (Figure 6A). This latterR-helix breaks down
above pH 9.5, generating completely random coil peptide.
Within the physiological pH range (pH 7.2-7.6), theR-helix
is stabilized with either SDS or DTAC.

The variation of structure with pH is related toR-helix
unfolding and refolding (R-helix T random coil) and must be
related to the presence of ionizable groups. One possibility to
account for the greater helical stability is that theR-helix dipole
of the Tyr10-Lys28 region interacts favorably with negatively
or positively charged groups of SDS or DTAC.60 Another
possibility is that electrostatic interactions affectR-helix stability.
As shown in Figure 6, at pH 3-5, the side chain groups of
Asp1, Glu3, Asp7, Glu11, Glu22, and Asp23 deprotonate
(COOHf COO-), and at pH 6-8, deprotonation of the His6,
His13, and His14 side chains (3NH+ f 3N) takes place.61,62

When protonated, the His side chains bind tighter to the
negatively charged SDS and the drop (50f 10%) in helical
content at pH 9.5f 10.9 may result from the His deprotonation,
thereby weakening the binding. At pH 4-8, the loss ofR-helix
within residues 1-9 could result from the negatively charged
Asp1, Glu3, and Asp7 side chains, which hinder binding to the
SDS. Similar findings were noticed withâ-endorphin and
somatostatin, in whichR-helical structure is promoted in acidic
SDS solution due to protonation of the negatively charged
carboxylate side chains.63

Additional support for the importance of electrostatic interac-
tions in promoting theR-helix is seen in DTAC solution, in
which there is a highR-helical content at pH 10.3 and small
R-helical content at pH 3.4. The positively charged surfaces
of the peptide and DTAC micelle oppose each other and prevent
helix formation at pH 1-3, while at pH 9-12, the peptide
becomes negatively charged and thus binds favorably to the
DTAC.

In stark contrast to the behavior in micelles, at midrange pH
(4-7) in 60% TFE or water alone, theR-helix structures rapidly
unfold or perhaps pack together to produce oligomericâ-sheet
structures that eventually precipitate into amyloid-like depos-
its.8,9,11,18,36Thus, while not encouraging folding into anR-helix
at midrange pH, the DPC micelle prevents aggregation of the
1-28 region into aâ-sheet structure. The reason for the lack
of â-sheet structure in the 1-28 region may result from the
absence of the 29-40 or 29-42 hydrophobic regions, which
are needed to induce anR-helix f â-sheet conversion (discussed
below).

Additional differences in the stabilities of the twoR-helical
segments (residues 2-7 and 10-28) take place with tempera-
ture. The NOESY data in SDS showed that bothR-helices are
stable up to 50°C, while in 60% TFE and DPC, the smaller
R-helix (residues 2-7) rapidly unfolds above 25°C with the
other helix (residues 10-28) unfolds above 35°C (Figure 4).
Further support for the thermal instability in DPC is shown by
the NH temperature coefficients, in that all are relatively large
(greater than 5), particularly within the His13-Ala21 region.
From analysis of the 1D NMR data, it appears that both
R-helices unfold to random coil or extended chain structures,
but with cooling refold back toR-helices. By contrast, in SDS
solution, the majority of the coefficients are less than 5, which
suggests that most of the amides are solvent shielded and
involved in relatively strong intrahelical NH hydrogen bonding.
The lower coefficients in SDS is supported by the presence of
NN(i,i+1) NOESY connectivities at 50°C, which are absent
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in both 60% TFE and DPC solutions. ForR-helices, amide-
NH hydrogen bonds are present between the carbonyl oxygen
of residuei and the NH of residuei+4. In 60% TFE, DPC,
and SDS, there are higher coefficients within the Phe19-Phe20-
Ala21-Glu22 region, suggesting that some weakening of the
R-helix occurs between these amides and the carbonyl oxygens
at Gln15-Lys16-Leu17-Val18. The most stable helical region
is located between Tyr10 and Leu17, since the NH coefficients
within the His13-His14-Gln15-Lys16-Leu17 stretch are com-
paratively low.

In summary, the CD and NOESY data taken at different pH
and temperatures, as well as the profile of temperature coef-
ficients, demonstrate that the SDS micelle confers greater
stability to theR-helical structure.

Location of the Peptide about the Micelle. Several
observations from the present data suggest that the entire length

of the â-(1-28) peptide associates at the membrane surface,
rather than within the hydrophobic core of the SDS and DPC
micelles. First, the amide temperature coefficients have a
somewhat irregular pattern, indicating that the backbone amides
are located at the lipid/water interface of the micelle. If a
peptide segment were located in the hydrophobic interior of
the micelle, then a long stretch of coefficients less than 5 should
be observed. This pattern was seen for theâ-(25-35) peptide
in SDS, where the C-terminal Ile32-Met35 segment had
reduced coefficients relative to the N-terminal region.64 Second,
recent work from our laboratory showed that the His side chains
have elevated pKa values in SDS solution, which is indicative
strong electrostatic binding to the negatively charged sulfate
groups at the micelle surface (Clancy and Zagorski, unpub-

(64) Kohno, T.; Kobayashi, K.; Maeda, T.; Sato, K.; Takashima, A.
Biochemistry1996, 35, 16094-16104.

Figure 6. Structures and proposed interactions of theâ-(1-28) peptide with the SDS, DPC, and DTAC micelles (A, B, and C, respectively) at pHs
1-3, 4-8, and 9-12. The micelles and amino acid side chains are drawn (not according to their relative sizes) with their expected charges at the
three pH ranges. TheR-helices are depicted with darkened cylinders, while the random coil or extended strand regions are drawn with wavy lines.
The side chains of Asp1, Glu3, Asp7, Glu11, Glu22, and Asp23 are expected to deprotonate (COOHf COO-) above pH 4, and the side chains
of His6, His13, and His14 should deprotonate (3NH+ f 3N) above pH 8. This mechanism emphasizes that the random coil andR-helical structures
are in equilibrium throughout the entire pH range and that the electrostatic interactions between the charged side chains and the micelle surface
stabilize theR-helix. The location of the peptide at the micelle surface, rather than the hydrophobic interior, is consistent with the NMR data (see
text). The helical regions in SDS and DPC are supported by the NMR data, including the tertiary structure seen at low pH in 60% TFE35 that had
two R-helical regions (residues 2-7 and 10-28).35,52 The R-helical and random coil regions in DTAC were inferred from comparison of the CD
data in DTAC with those in SDS and DPC.
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lished). Third, the line widths of the NMR resonances are
smaller than would be expected for aâ-(1-28)/micelle complex
that would be approximately 15 kDa.33 The narrower line widths
are indicative of conformational mobility at the micelle surface.
For example, differences were seen with the bacteriophage M13
coat protein, in that significantly narrower line widths were
found for residues at the micelle surface compared to residues
located in the central rigid micelle spanningR-helix.65 Fourth,
the observed variation in structure with both pH and the micelle
head group charge indicates a high degree of peptide flexibility,
which makes an internal micelle location highly unlikely. Fifth,
the CD and NMR data were unaffected by changes in the
micelle/peptide concentration ratios. This fact, together with
the knowledge that theR-helical structure forms below the point
where there is one molecule of micelle per molecule of peptide
(on average, 56 and 63 monomers of DPC and SDS per micelle,
respectively),33 establishes that theR-helix structure is probably
stabilized by rapid exchange among the micelle surfaces.
Finally, the location of theâ-(1-28) at the micelle surface is
consistent with its location in the precursor protein APP, in
which the 1-28 region is located in the extracellular domain
while the 29-42 region is imbedded in the transmembrane
domain.

Comparison of the Micelle-Bound â-(1-28) Structures
with Previous Studies. For theâ-peptide, the solution condi-
tions greatly influence the relative proportions and types of
structures (R-helix, â-sheet, or random coil). Some of these
variables include the peptide length [i.e., theâ-(1-40) is less
likely to form aggregatedâ-sheet than theâ-(1-42)], peptide
concentration, starting peptide aggregation state, pH, solvent
hydrophobicity, trace metals, and ionic strength.9-11,18,55,66This
extreme sensitivity of structure and aggregation state to the
solution conditions has greatly complicated biophysical data
interpretations.

Due to its instability and susceptibility to aggregation, only
a limited number of solution NMR studies have been reported
with theâ-peptide. It is important to recognize that these studies
used different solvent conditions and different peptides, so the
structures often show some variations. In previous work, we
showed that the three-dimensional structure of theâ-(1-28)
below pH 3 in 60% TFE was completelyR-helical.35 At pH
3-4, the first nine, N-terminal residues unfold, leaving an
R-helix at Tyr10-Lys28. Because theRH chemical shifts and
NOESY data are nearly identical in 60% TFE, SDS, and DPC,
similar R-helical backbone structures probably exist at acidic
pH. By comparison, related NMR studies carried out in water
alone below pH 4 and above pH 7 indicate the structure ofâ-(1-
28) is essentially random coil.43,52 This establishes that the
R-helical structure requires a membrane mimetic environment.

The NMR-derived tertiary structure for theâ-(1-40) peptide
in 30% TFE solution reportedly contained two well-defined
R-helices at Gln15-Asp23 and Ile31-Met35.67 In contrast, the
NMR-derived three-dimensional structure for theâ-(25-35)
peptide was completelyR-helical in SDS solution, with the
N-terminal region exposed to solvent and the C-terminal region
located in the hydrophobic interior.64 Other NMR studies of a
â-(10-35)-CONH2 fragment demonstrated a turn-strand-turn

motif between His13 and Val24 in water solution.43 By contrast,
related CD and NMR studies of aâ-(12-28) fragment
established that a shorter Gln15-Lys28 segment becomes
R-helical in SDS solution.68 The reason for the shorter helix in
the latter study may result from the absence of Glu11, which
above pH 4 interacts favorably with the positively charged
N-terminus of theR-helix macrodipole.52 This latter study also
found that the interaction of theâ-(12-28) with DPC was weak,
but sufficient to promote partialR-helical structure below pH
4, which is consistent with the present studies of theâ-(1-28).

Numerous biophysical studies using techniques other than
NMR have already exploredâ-peptide membrane interac-
tions.58,64,66,68-73 A few discrepancies exist among these studies,
which in part can be explained by differences in the initial
aggregation states and structures of theâ-peptides.74,75 Some
studies showed that theâ-sheet is a predominate structural motif
on the membrane surface, which may or may not become partly
imbedded into the membrane. As mentioned before, theâ-sheet
structure is neurotoxic and aggregated and eventually precipi-
tates as an amyloid plaque.30,31It was also found that some lipids
do not promoteâ-sheet structure,73 including micelles58 and
neutral lipid vesicles in which theâ-(1-40) peptide formed
random coil structure at physiological pH.66 Both of these results
agree with the present work with theâ-(1-28) in neutral DPC
micelles. On the other hand, it was also reported that negatively
charged lipid vesicles promoteâ-sheet structure, presumably
by either random coilf â-sheet or R-helix f â-sheet
conversions.66,76

In light of the above results and those of the present study,
one possible outcome is that theR-helix may represent an early
folded intermediate in the 1-28 region and that the 29-40 or
29-42 hydrophobic region promotes anR-helix f â-sheet
conversion for the complete peptide. In fact, most membrane-
associating peptides produceR-helices on biological membrane
surfaces.33 A reasonable mechanism could involve the charged
1-28 region first contacting the membrane surface and produc-
ing monomericR-helical structure, which later rearranges (R-
helix f â-sheet) after the 29-40 or 29-42 region comes in
contact with the membrane.36 This idea is consistent with the
different structures seen in the 1-24 region in both monomeric
and aggregatedâ-(1-40) peptide.77 Once formed, theâ-sheet
structure would continue to aggregate, bind more effectively to
the membrane surface,78 and promote toxicity, perhaps by
generating its own micelle-like structure on the membrane
surface that penetrates and disrupts the membrane.70,71,79,80
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RelatedR-helix f â-sheet conversions for other peptides and
proteins,81-87 including peptide segments of the prion pro-
teins,41,88 are well documented. In addition, local alterations
of lipid compositions at the site ofâ-peptide binding could alter
the charge at the membrane surface and perhaps trigger the
R-helix f â-sheet rearrangement resulting in amyloid deposi-
tion.

Biological Implications. The interaction of theâ-(1-28)
peptide with micelles suggests a preferential binding between
theâ-peptide and negatively charged biological membranes. As
mentioned before, the SDS and DPC micelles readily mimic
biological membrane interfaces and also the lipid environments
of lipoproteins.89 Upon interaction with a naturally, charged
membrane, theâ-(1-28) peptide region would be expected to
initially adopt R-helical structure that does not insert into the
hydrocarbon interior. This situation may occur during circula-
tion in human plasma when theâ-peptide becomes bound to
lipoproteins, albumin, Apo-J, or TTR.20,24,90Significantly, the
binding to lipoproteins decreases the toxicity in cortical cell
culture studies, which indirectly suggests the bound structure
is R-helix since theâ-sheet structure is toxic.91,92

Recent studies using synchrotron FTIR microspectroscopy
showed that theâ-peptide adopts significant quantities of
R-helical structure in the brain gray matter.93 In addition, it is
thought that theâ-peptide cytotoxicity is mediated by its
association at the membrane surface of neurons.1,31,94,95Previous
work showed that theâ-(1-28) peptide is not toxic to neurons96

and that theâ-(1-42) but not theâ-(1-28) is accumulated
intracellularly.97 The explanation was that theâ-(1-28) is too
polar and requires the hydrophobic 29-42 region to insert into
the membrane. Thus, for some brain microenvironmental
conditions, the 1-28 region may remain as a nontoxic,R-helix
on the membrane surface of cells, but once the 29-42 region
inserts into the membrane, anR-helix f â-sheet conversion
may occur inducing toxicity and cell death. Additional studies
to investigate these possibilities are currently underway.

Conclusion

The present study established that different lipid environments
can modulate the structure of theâ-(1-28) peptide. The
micelles are simple model systems that may mimic the binding
between theâ-peptide and lipid environments in vivo. The
present data suggest that a charged lipid surface is required to
promote theR-helical structure, suggesting that electrostatic
interactions between the 1-28 peptide region and the lipid/
water interface of a biological membrane are important. The
1-28 region does not become imbedded into the interior of
micelle, and the specific residues that might be involved in this
electrostatic interaction have yet to be identified.

We believe that theR-helical structure is an appropriate target
for the design of amyloid inhibitors. TheR-helical structure is
monomeric and stable, thus suitable for modern structure-based
drug design methods.83 These results suggest that biological
macromolecules with a positively or negatively charged surface
are essential for stabilization of theR-helical structure. Such
stabilization may be critical to preventing anR-helix (soluble,
monomeric) f â-sheet (insoluble amyloid deposit, toxic)
conformational transition from occurring in the brains of AD
patients.

Experimental Section

Peptide Synthesis and Purification. The â-(1-28) peptide was
synthesized, purified, and characterized as described previously.18

Purification was done in two steps: (1) trituration by washing repeatedly
with diethyl ether, followed by (2) reverse-phase HPLC with a C4

column (Cosmacil 5C4-300 or Vydac 214TP510) and a linear gradient
of 20-80% acetonitrile and 0.1-0.08% trifluoroacetic acid in water.
Peptide identity was verified by amino acid analysis, fast-atom
bombardment mass spectrometry, and1H NMR spectroscopy, which
together showed a purity level of approximately 95%.76

CD Studies. Samples for CD spectroscopy were prepared by
dissolving theâ-(1-28) peptide (1.8 mg, 0.5µmol, 250µM) in distilled
water (2.0 mL) that contained the sodium salts of the micelles SDS,
DPC, or DTAC at 20 or 75 mM concentrations. For the DTAC
solutions, aliquots (1.0 mL) from a commercial stock solution (Pfaltz
& Bauer, Inc.) in 2-propanol-water were dried and weighed under
N2, then dissolved in a precise volume of distilled water to provide 20
or 75 mM solutions. To provide an accurate concentration value of
the commercial DTAC solution, the first part of the experiment was
performed separately in triplicate.

The CD spectra were obtained at room temperature with a Jasco
spectropolarimeter (Model J-600A). Unless otherwise noted, a quartz
cell (Hellma, Inc.) of 0.01-cm path length was used to obtain spectra
at 1-nm intervals from 190 to 260 nm. Spectra resulted from averaging
eight scans, followed by analysis with the Jasco J-600 program that
was located on the DP-501 computer of the spectropolarimeter. The
CD spectra of the SDS, DPC, and DTAC micelle solutions showed no
absorptions and, therefore, were not subtracted from the spectra
containing peptide. Measurements with extra salt were not undertaken,
since prior studies showed that salts such as NaCl have little effect on
the binding of theâ-peptide to either rat cortical homogenates (lipids
and membrane-associated proteins) or artificial neuronal membranes
(lipids only).43

For the pH studies, two peptide-micelle solutions were prepared at
low and high pH. This procedure avoided possible structure perturba-
tions that could occur over time (aging), as previously seen in water
or 60% TFE at midrange pH 4-7.8,9,11 As it happened, no time-
dependent variations were apparent in the present study which was done
in micelle solutions. Theâ-(1-28) peptide-micelle solution (2 mL)
was split into two equal parts, after which the pH was adjusted to
approximately 2-3 and 10-12 for each solution. The CD spectra were
recorded within 10 min after the pH adjustment, and thereafter, the
pH was increased or decreased for the low- and high-pH solutions,
respectively. The pH values were measured with a pH meter (Model
PHB-62, Omega Engineering, Inc.) equipped with an electrode (Model
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MI-412, Microelectrodes, Inc.) that was calibrated with pH 4.00, 7.00,
and 12.00 buffers. The CD data were converted toθ values (deg cm2

dmol-1) using theâ-(1-28) concentration and the number of amino
acid residues. The percentR-helix was obtained by comparing the ratios
of theθ values at 195 and 208 nm to the NMR data. Using the NMR
data to establish a reference state forR-helicity below pH 3 (Figure
4), the ratio of the CD bands in SDS and DPC solution were
standardized to 85%R-helix (Table 1). Similar procedures, using a
combination of NMR and ratios of CD bands, have been utilized to
obtain reliable estimates of secondary structures for other peptides.98-100

NMR Studies. Perdeuterated SDS-d25 and DPC-d38 as well as the
solvent D2O were obtained from Cambridge Isotopes, Inc. (Andover,
MA). Two samples were prepared for the 2D NMR measurements in
a mixture by volume (9:1) of H2O:D2O: (1) one sample containing
3.6 mg (0.001 mmol) of theâ-(1-28) peptide in a solution (0.50 mL)
of SDS-d25 (450 mM) and (2) the other sample containing 2.6 mg
(0.0007 mmol) of theâ-(1-28) peptide in a solution (0.50 mL) of
DPC-d38 (120 mM). For the diffusion coefficient measurements, two
â-(1-28) samples (2.0 mM and 0.20 mM) were prepared in D2O
solution (0.50 mL) with 150 mM SDS-d25 at pH 3.0. All solutions
contained 0.5 mM Na2EDTA and 0.05 mM NaN3. The pHs of the
solutions were adjusted with a pH meter (Corning 340) equipped with
an pH electrode that fit inside the NMR tube. The desired pH values
were obtained at room temperature by adding microliter amounts of
dilute HCl or NaOH and were not corrected for isotope effects.

All NMR spectra were acquired at 500 or 600 MHz using a General
Electric GN-500 or Varian Inova-600 spectrometer. The NMR data
were transferred to Indigo XS24 (Silicon Graphics, Inc.) computer
workstations and processed using the Felix program (version 95,
Biosym, Inc.). Chemical shifts were referenced to an internal standard
of sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4 (TSP), and probe
temperatures were calibrated using neat methanol.101

The diffusion coefficients (D) were obtained using the PFG-water-
sLED (longitudinal eddy-current delay) pulse sequence.45 The maxi-
mum magnitude of the gradient was calibrated with a profile experi-
ment, which was 32 G/cm for a 5-mm indirect detection probe equipped
with an actively shieldedz-gradient coil. Data accumulation involved
acquiring an array of 15 spectra (32 scans each, 5-s recycle delay) with
different gradient strengths (g) varying from 0.3 to 30 G/cm. The NMR
signal intensities are related to theD according to the following
relationship:

whereR is the ratio of intensities for a resonance with the gradient
turned on (I) to that with the gradient turned off (I0), γ is the
gyromagnetic ratio of1H (2.675 × 104 G-1 s-1), g and δ are the
magnitude and duration of the gradient pulse, respectively, and∆ is
the time between the gradient pulses. For our studies, the following
parameters were used:δ ) 5.5 ms,g ) 0.3-30 G/cm,∆ ) 220-320
ms, and a longitudinal eddy-current delay of 40 ms. The upfield
methyl signals (0.73-1.52 ppm) and downfield aromatic signals (6.74-
8.66 ppm) were integrated to provide the signal intensities (I and I0),
and these data were approximated as single, exponentially decaying
curves [plots ofRvs (g2)] using averaged fitting values (Origin program,
version 4.0, Microcal, Inc.).

To check the accuracy of our diffusion measurements, we determined
the D values for lysozyme and ubiquitin, which are two well-

characterized protein systems. For these proteins, ourD values were
almost in complete agreement ((0.02× 10-6 cm2 s-1) with the literature
values,45 hence establishing the validity in our experimental approach.
TheD for theâ-(1-28) were measured in triplicate and at two different
peptide concentrations (2.0 and 0.20 mM) in 150 mM SDS-d25 solution
at pH 3.0; the calculatedD values were 6.1× 10-7 and 6.3× 10-7

cm2 s-1 ((0.24× 10-7 cm2 s-1), respectively. The effect of the micelle
on the overallD was addressed by measuringD for a peptide-free SDS-
d25 solution (150 mM); this was 4.2 ((0.24) × 10-7 cm2 s-1. This
latter value took into account the presence of small amounts of free
(nonmicellar) detergent molecules, according to the following relation-
ship: D ) (Dobs - [cmc]/[total detergent concentration]× Dfree)/(1 -
[cmc]/[total detergent concentration]), where cmc corresponds to the
critical micelle concentration,Dobs is the observed diffusion coefficient,
and Dfree is the diffusion coefficient for free detergent molecules
(measured at submicellar total detergent concentration).102

Two-dimensional nuclear Overhauser enhancement spectroscopy
(NOESY)103 and total correlation spectroscopy (TOCSY)104,105were run
in the phase-sensitive mode with quadrature detection in both dimen-
sions. Mixing times of 150-250 and 30-80 ms were employed in the
NOESY and TOCSY, respectively. The total recycle delay between
scans was approximately 1.5-2.0 s, which included the acquisition
and mixing times. For the determination of the NH temperature
coefficients, the chemical shifts of the amide-NH protons were obtained
from NOESY or TOCSY spectra acquired at 15.0, 20.0, 25.0, 30.0,
35.0, 40.0, and 50.0°C. The temperature coefficients (-∆δ/∆T, ppb)
were taken as the slopes from a least-squares computer-fitted lines of
the chemical shifts against temperature. A more complete description
of the NMR acquisition and processing parameters can be found in
the Supporting Information.
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