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Abstract Ap(1-42) peptide, found as aggregated species
in Alzheimer’s disease brain, is linked to the onset of
dementia. We detail results of *'P and ?H solid-state NMR
studies of model membranes with Af peptides and the
effect of metal ions (Cu®* and Zn*>"), which are found
concentrated in amyloid plaques. The effects on the lipid
bilayer and the peptide structure are different for mem-
brane incorporated or associated peptides. Copper ions
alone destabilise the lipid bilayer and induce formation of
smaller vesicles, but not when Af(1-42) is associated with
the bilayer membrane. Af(25-35), a fragment from the C-
terminal end of Af(1-42), which lacks the metal coordi-
nating sites found in the full length peptide, is neurotoxic to
cortical cortex cell cultures. Addition of metal ions has
little effect on membrane bilayers with Af(25-35) pep-
tides. *'P magic angle spinning NMR data show that Af(1—
42) and Aﬁ(1—42)-Cu2+ complexes interact at the surface
of anionic phospholipid membranes. Incorporated peptides,
however, appear to disrupt the membrane more severely
than associated peptides. Solid-state '*C NMR was used
to compare structural changes of Af(1-42) to those of
AB(25-35) in model membrane systems of anionic phos-
pholipids and cholesterol. The Af peptides appeared to
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have an increase in f-strand structure at the C-terminus
when added to phospholipid liposomes. The inclusion of
Cu®* also influenced the observed chemical shift of resi-
dues from the C-terminal half, providing structural clues
for the lipid-associated Apf/metal complex. The results
point to the complex pathway(s) for toxicity of the full-
length peptide.
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Abbreviations
AD Alzheimer’s disease
APP Amyloid precursor protein

(CP)MAS  (Cross-polarisation) Magic angle spinning

CQ Clioquinol

CSA Chemical shift anisotropy

HFIP Hexafluoroisopropanol

LUV Large unilamellar vesicles

MLV Multilamellar vesicles

NMR Nuclear magnetic resonance

(d)POPC  sn-1 (deuterated) Palmitoyl, sn-2 oleoyl
phosphatidylcholine

POPS Palmitoyloleoylphosphatidylserine

REDOR Rotational-echo double resonance

SS-NMR  Solid-state NMR

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder
(Alzheimer 1907) associated with the accumulation of the
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f-amyloid peptide (Af) as aggregated, insoluble plaques in
the brain. These plaques are the most distinctive pathology
of AD, which has led to intensive study of Af peptides.
These peptides (Fig. 1) result from the cleavage of the
transmembrane Amyloid Precursor Protein (APP) by y- and
f-secretases, and vary in size from 39 to 43 amino acid
residues (Kang et al. 1987; Glenner and Wong 1984;
Masters et al. 1985; Sisodia 1992). While both Af(1-40)
and Af(1-42) are the predominant forms found in cerebral
tissue of afflicted patients, their aggregation and cytotox-
icity properties are significantly different (Harper and
Lansbury 1997). As Af(1-40) is also found in non-AD
afflicted brain, its presence may be unconnected to the
disease pathogenesis (Roher et al. 1993). Thus far, our
studies have focused on the longer and more toxic Af(1-
42) (Burdick et al. 1992; Zhang et al. 2002). We have also
studied Af(25-35) due to the observation of similar toxic
effects to ‘full length’ peptide (Varadarajan et al. 2001;
Barnham et al. 2003) while aggregating at different rates.
AP(25-35) also allows studies to focus on that portion of
the Aff peptide which is transmembrane in the context of
the intact APP (Kang et al. 1987; Coles et al. 1998).

Although much has been made of the insoluble prop-
erties of the peptide, current opinion is that soluble forms
of Af are more likely to be responsible for toxicity
(Donnelly et al. 2007; Kayed et al. 2003; Lesné et al. 2006;
McLean 1999). Soluble oligomeric species of AfS(1-42)
have been shown to promote lipid release from cells
(Demeester et al. 2000), and there is only weak correlation
between the amount of Aff plaques and the extent of neu-
rodegeneration (Christian et al. 2007; Hartley et al. 1999;
Lambert. 1998; Tickler et al. 2005), further strengthening
the supposition that soluble forms of Af are the neurotoxic
species that lead, at least initially, to the observed
neurodegeneration.

Several potential mechanisms resulting in disruption by
Ap of nerve cell function have been identified. These
include both direct disruption of membrane structure and
facilitating oxidative damage to membrane and other cel-
lular components. This activity, which employs mainly
copper (Cu®*) as a redox cofactor, could oxidize macro-
molecules either indirectly by formation of reactive oxygen
species, or directly by involving components in the cata-
lytic redox cycle (Barnham et al. 2004; Smith et al. 2006,

5 10 15 20 25 30 35 40
DAEFR HDSGY EVHHQ KLVFF AEDV|G SNKGA IIGLM| VGGVV IA
* * * %

Fig. 1 Human Apf(1-42) sequence. Boxed region indicates Af(25-
35) fragment. Asterisk denotes probable metal-coordinating residues.
Solid bar denotes portion of Af(1-42) which is transmembrane in the
context of APP
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2007). Specific A/Cu?* interactions appear to be impor-
tant for this destructive mechanism, through the coordi-
nation of three His sidechain nitrogens and one of a number
of different possible oxygens as discussed below. Mem-
brane interactions are also strongly correlated with the
deleterious effects of Af on nerve cell function, even
where oxidative damage may occur only indirectly. Fur-
ther, membrane interactions are implicated in the formation
of insoluble amyloid fibrils, suggesting that amyloid may
be a by-product of the initially damaging interactions
between lipid and peptide (Choo-Smith et al. 1997).

As metals are implicated in AD, they are often targets
for treatment of the disease. Copper, zinc and iron are
found in high concentrations in amyloid plaques (Bush
2003). EPR data has indicated that these metals are able to
coordinate to Af peptides through the histidine residues at
positions 6, 13 and 14, and the tyrosine residue at position
10 (Smith et al. 2006). Cu®* has been found to increase A
toxicity, and when the imidazole side chain nitrogens of
histidine were methylated, Af toxicity was attenuated
owing to the disabling of metal coordination (Smith et al.
2006). The effect of copper has been investigated and the
Cu”*/peptide ratio for aggregate formation and toxicity is
proposed to be 1:1 (Ali et al. 2004; Smith et al. 2006).

Methionine at Af(1-42) position 35 has also been
identified as a significant determinant in Af pathology
(Barnham et al. 2003). While it has been implicated in the
oxidation/reduction activity of the peptide, and mutation to
structurally similar norleucine results in reduced oxidative
damage in cell, however, extending the C-terminal Met35 of
AB(25-35) by Val36, which lacks metal-coordination sites,
also reduces oxidative damage (Varadarajan et al. 2001).

Our research concentrates on solid-state NMR (SS-
NMR) studies of the amyloid peptide AS(1-42) and the
fragment A 5(25-35) in phospholipid bilayers and the effect
of metal ions (Cu®" and Zn**). Although a solid-state NMR
structure of Af(1-40) in the fibril form has been deter-
mined by Tycko and co-workers (Petkova et al. 2002), the
structural form of this pleomorphic peptide (Lau et al.
2003) in a membrane bilayer has yet to be determined. In
addition to the peptide-lipid interaction, we report struc-
tural studies in model membrane systems and the effect of
the metal ions on the peptide structure. Structural changes
of Af incorporated within and associated with a model
membrane are compared.

Experimental

Materials

Synthetic deuterated sn-1 palmitoyl, sn-2 oleoyl phospha-
tidylcholine (dPOPC), palmitoyloleoylphosphatidylcholine
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(POPC) and palmitoyloleoylphosphatidylserine (POPS),
were purchased from Avanti Polar Lipids (Alabaster, USA)
and used without further purification. Cholesterol was
purchased from Sigma Aldrich (St Louis, USA). '*C;-Gly,
13C,-Ala, and >C»-Leu were purchased from Cambridge
Isotope Laboratories (Andover, USA). FMOC-succinamide
was purchased from Auspep (Melbourne, Australia) and
FMOC-protected amino acids were synthesized and puri-
fied as previously described (Lau et al. 2007b). Labelled,
protected amino acids were incorporated into positions
Gly29, Ala30, Leu34 of Af(1-42) and analogous positions
of AB(25-35) by solid phase peptide synthesis as described
previously (Lau et al. 2007b). AS(1-42) had the sequence
DAEFR HDSGY EVHHQ KLVFF AEDVG SNK['"*C;-G]
['3C,-A] IIG[1°C,-LIM VGGVV IA, and Af(25-35) had
the sequence SNK['*C,-G] ['*C;-A] IIG["*C,-LIM. Pep-
tides were purified by reverse phase HPLC and were
identified by mass spectrometry with m/z of 4518.4 for
Ap(1-42) and m/z of 1064.3 for AB(25-35).

Sample preparation

Generally, multilamellar vesicles (MLV) were prepared
either by dissolving equal stoichiometric amounts of
(d)POPC and POPS, or (d)POPC, POPS and cholesterol, in
chloroform and methanol (9:1), drying into a thin film
under reduced pressure, and further drying under high
vacuum overnight. MLV were formed upon rehydration
with up to 0.5 mL (0.05 M) Tris—HCI buffer (pH = 7)
followed by freeze—thawing the suspension typically 4-5
times between liquid N, and a 40°C water bath. The
samples were then bench centrifuged at 12,000g for
20 min. and the supernatant removed.

AP(1-42) and AB(25-35) were dissolved in hexafluo-
roisopropanol (HFIP) at a ratio of 1 mL HFIP to 1 mg of
peptide. Peptide was dried into a thin film as for lipids
above. Where peptide was incorporated in the formation of
MLYV bilayers, lipid in organic solvent was added to this
thin film of peptide at the beginning of the MLV prepa-
ration (above). Where peptide was associated with vesicles
after MLV preparation, the preformed vesicles were slur-
ried on top of the dry peptide film. A total lipid/peptide
mole ratio of 30:1 was used. '°F NMR was used to confirm
that TFA did not remain from peptide synthesis, and only
insignificant amounts of HFIP (<0.5% mol/mol-peptide)
remained from the initial dissolution of peptide.

Where Cu?* was added, an appropriate volume of 0.1 M
copper glycine (CuGly,) solution, prepared by dissolving
1:2 mole ratio of CuCl, with glycine in water, was added to
the peptide/MLV sample between the second and third of
four freeze thaw cycles. A 1:1 (mol/mol) metal to peptide
ratio was used.

SS-NMR

NMR experiments were conducted on a Varian (Palo Alto,
USA) Inova 300 or VNMRS 600 spectrometer using 5 mm
HX AutoMAS and 3.2 mm BioMAS probes, respectively.
All experiments were conducted at a controlled air tem-
perature of 28°C. '*C cross-polarisation magic angle
spinning (CPMAS) (Stejskal et al. 1977) experiments at 4—
7 kHz MAS were conducted using recycle delays of 2 or
4 s (for 75.5 and 150.8 MHz, respectively), cross polari-
sation contact times of 1 or 2 ms (for 75.5 and 150.8 MHz,
respectively), '°C constant CP spin lock field of 45—
50 kHz, 'H spin lock at the —1 sideband match condition,
optimised on adamantane, and 56 kHz CW or 67 kHz
SPINALG64 (Fung et al. 2000) 'H decoupling (for 75.5 and
150.8 MHz, respectively). The “static” *'P experiment
was conducted on the VNMRS 600 spectrometer in the
same rotor and probe as for the '*C experiments. *'P
spectra was collected using a Hahn-echo pulse sequence
with 6 s recycle delay, 4.4 us n/2 pulse width, and 60 ps
effectual total echo time; spectral width was set to
~420 kHz, and the acquisition started early in the second
half of the echo such that the FID could be manually left-
shifted to the top of the echo and subsequently downsam-
pled by a factor of 5. SPINAL64 decoupling as for '*C
CPMAS experiments was applied during the echo and
acquisition.

NMR of membranes: background
Model membrane systems

Naturally occurring membrane systems are complicated
mixtures of phospholipids, sterols, proteins, glycolipids,
gangliosides and sphingomyelin (Singer and Nicolson
1972). While more naturally occurring mixtures of lipids
can be employed (e.g. Separovic et al. 2004), more often
simplified membrane systems are used. These model
membranes capture the significant characteristics of natural
membranes such as acyl chain dynamics, diverse surface
charge, sterol content and hydration levels, while allowing
more definitive characterization of membrane structure and
dynamics.

Model membranes used for these studies were primarily
composed of phospholipids, which are a major component
of cell membranes. Phospholipids are characterized by a
hydrophilic phosphate headgroup attached to hydrophobic
acyl chains. Our studies employed palmitoyl (16:0), and
oleoyl (18:1) acyl chains at the sn-1 and sn-2 positions,
respectively, with the unsaturated site ensuring that the
membranes remain in the liquid lamellar phase through a
range of different conditions. Although typically used in

@ Springer



336

Eur Biophys J (2008) 37:333-344

equal proportions, the zwitterionic phosphatidylcholine
headgroup (POPC) creates bulk lipid, while the negatively
charged phosphatidylserine (POPS) provides at least neg-
ative charge density on the membrane surface, and possibly
also a specific A membrane binding potential associated
with apoptosis (Demeester et al. 2000).

Cholesterol is also frequently included in our model
membrane systems, as it is also found in biological
membranes and has been specifically implicated in the
pathology of AD (Sparks et al. 1990). Conflicting results
have been reported regarding the role of cholesterol in AD.
On one hand, Af toxicity has been reported to be both
attenuated in cholesterol-enriched cells, and enhanced in
cholesterol-depleted cells (Arispe and Doh 2002). On the
other hand, in vivo (Fassbender et al. 2001), in vitro
(Subasinghe et al. 2003) and epidemiological (Jick et al.
2000) studies suggest that lower levels correlate with a
slowing of AD pathogenesis; hence Af interactions in phos-
pholipid bilayers containing cholesterol were also studied.

While membrane bilayer structures vary from oriented
planar bilayers and small to giant unilamellar vesicles,
multilamellar (MLV) and large unilamellar vesicles (LUV)
are most appropriate to study Af interactions with phos-
pholipid bilayers. The typical diameter of an MLV is of the
order of 5 um (Watwe and Bellare 1995). Due to their size,
MLYV can be more closely related to a biological membrane
and curvature effects are reduced and allow use of solid
state-NMR techniques. LUV have diameters typically of
0.5 um and were used in selected experiments.

Solid-state nuclear magnetic resonance spectroscopy

Solid state NMR is uniquely suited to the study of mem-
brane systems and peptide-lipid interactions. It is a
powerful complement to established approaches in struc-
tural biology, as it does not require long range crystalline
order to gain structure information, as required for dif-
fraction studies, and is not restricted by hydrodynamic
properties as is NMR of molecules in solution. The relaxed
constraints on sample preparation enable the study of
structural and dynamic aspects of membrane-interacting
peptides (Balla et al. 2004; Cornell et al. 1983) with
respect to both peptide and the membrane bilayer than
commonly used detergents provide in conventional struc-
tural approaches.

Phosphorous and deuterium SS-NMR are used to study
the effect of the peptides on phospholipid headgroups and
chains (Cornell et al. 1988; Balla et al. 2004), respectively,
using acyl-deuterated phosphatidylcholine (PC). Specifi-
cally '3C labelled residues were used to study changes in
structure of the Af peptide with anionic phospholipid
bilayers.

@ Springer

Fig. 2 Approximate orientation of *'P chemical shift tensor with
respect to the phosphodiester molecular segment of phospholipid
headgroups

Static 3'P SS-NMR

The spin 1/2 *'P isotope of phospholipid headgroups is
~100% naturally abundant, and consequently provides an
easy probe of lipid phase and headgroup perturbation. In
the absence of motion, static solid state >'P NMR spectra
of minimally hydrated phospholipid is governed by the
chemical shift tensor, o, most simply described in the
diagonal basis with characteristic orthogonal axes oriented
with reference to the phosphorus and two non-esterified
oxygens and self-referenced to zero average frequency.
This frame (Fig. 2) gives g, & —81 ppm, approximately
perpendicular to the plane formed by the phosphorus
and oxygens; g, ~ —23 ppm, approximately bisecting the
bond angle formed by phosphorus and oxygens; and
o, ~ 104 ppm, approximately the vector connecting the
non-esterified oxygens to form a right-handed axis system
(Griffin et al. 1978; Herzfeld et al. 1978; Kohler and Klein
1976). The static >'P lineshape is defined by two edges
corresponding to the extreme tensor component values and
maximum intensity at the intermediate value.

In the presence of motion, such as the fast axial rotation
of lipids about their long axis within liquid lamellar bilay-
ers, the full chemical shift anisotropy observed in static *'P
NMR spectra becomes partially averaged to an axially
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symmetric lineshape (Fig. 3) defined by edges “perpen-
dicular” and “parallel” to the axis of rotation (Mehring
1983). The chemical shift anisotropy (CSA) is the differ-
ence between these two edges, and is an indicator of head
group orientation and dynamics for membrane components
under varying conditions. Headgroup orientation can be
characterized by angles 3, and 4 from the lipid axis of
rotation of o, and o,, respectively. These angles trans-
formed (Gehman and Separovic 2006) into Euler angles,

_1 {cos Uy
o=cos  |———
sin ¥,

sin~! (sin2 Oy —

2 1/2
cos= U, cos ﬂx> (1)

sin? 9,

and = 4, can be used to rotate the *'P principal axis
system into the frame where o, = o) is parallel to the lipid
rotation axis, and the rotational motion averages the other
tensor components to block diagonal degenerate values ¢ |
oriented orthogonal to the lipid fast rotation axis.
Ultimately,

Ao — _ 3% pas 1 2 in2

g = (a” fol) *T[ax ( — cos” o sin [3)
+oPAS (1- sin® o sin’ B) + afAS sin? ﬂ} , (2)

Y

JL AN

Fig. 3 Typical 3p “powder patterns” for vesicle bilayers in the
liquid-lamellar phase. The static lineshape may be relatively broad as
in a, or narrower as in b, broadened due to increased T, relaxation
mechanisms to that in ¢, or due to motional averaging be reduced to
an isotropic component as in d, or any combination of the above

where a factor of y is included to account for several
additional modes of disorder of phospholipids in the liquid
lamellar state (Dufourc et al. 1992; Kohler and Klein 1977;
Griffin et al. 1978). Values of y = 0.66 are typical (Seelig
and Gally 1976). Figure 4 shows the correlation between
angular combinations within the subspace considered most
physically likely based upon dipalmitoylphosphatidylcho-
line (Griffin et al. 1978) and for the range in CSA values
centred on those discussed herein. For example CSA values
of A0 ~ —43 may correlate to a range of angular combi-
nations from approximately 4, = 55° and & = 90°, to
9, = 30° and & = 90 £ 25°. Increases in CSA magni-
tude (e.g. Fig. 3a relative to b) may correspond to the
headgroup tending toward being more upright (decreasing
$.), and/or the non-esterified oxygen vector rotating closer
to the plane of the bilayer (%, moving closer to 90°).
Alternatively, or additionally, increased or decreased dis-
order represented by y may also account for variations in
observed CSA.

Other differences that may be observed in *'P SS-NMR
static spectra from unoriented bilayers suggest membrane
interactions, which can effect low frequency motions
(Cornell et al. 1983), giving a relaxation-broadened pattern,
(Fig. 3c relative to a). As well, isotropic ‘spikes’ may form,
which infers much more rapid reorientation or tumbling
than for MLV, and averages out orientation dependent
dipole and chemical shift interactions. These types of
motions are typically observed in micelles, sonicated ves-
icles and cubic phases.
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Fig. 4 Correlation of calculated 3P CSA to headgroup orientation
under lipid long-axis rotation
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Fig. 5 (Left) Simulations of ’H spectra obtained from different
orientations of C-*H bonds (90°, 54.7° and 0°), and the bottom
spectrum being the result of a ‘powder’ with all orientations relative
to the magnetic field. (Righr) Spectrum is a typical H SS-NMR
spectrum of a perdeuterated phospholipid

54.7°

Static °H SS-NMR

In contrast to the ~100% natural abundance of 31P, the
spin 1 ?H isotope is virtually absent at natural abundance
and permits the observation of introduced *H labels with
little or no background. The C—"H bond of a deuterated
lipid acyl position oriented at a single angle 0 relative to
the applied magnetic field yields a doublet separated by a
(3cos’0—1)-modulated quadrupolar splitting (Fig. 5). Each
deuterated acyl position of a vesicle bilayer-distribution of
lipids contributes a ‘Pake’ pattern (Pake 1948) in which
mirror symmetric components are separated by the angular
dependent quadrupolar splitting. This angular dependence
also serves to attenuate the overall quadrupolar splitting to
an extent characteristic of C—"H bond disorder. Order
varies between acyl positions, generally decreasing from
the top of the chain to the terminal CD5 position, and static
H SS-NMR spectra of lipids with several deuterated chain
positions are a sum of Pake patterns from each (Fig. 5). “H
SS-NMR experiments can consequently be used to detect
perturbations to the dynamics of bilayer acyl chains
according to membrane composition (e.g. the inclusion of
cholesterol or variously unsaturated chains) or the addition
of peptides.

Relaxation measurements

T, and T, measurements in general are used to help
understand the motions of molecules. Ty, or longitudinal
relaxation is a function of the intensity of motion at the
Larmor or resonant frequency and, therefore, serves as an
indicator of fast frequency motions, e.g. 121 MHz at
7.05 T for *'P relaxation measurements. T, or transverse
relaxation is complementary information, as it is an indi-
cator of motion at ‘zero’ frequency, whereby slower
motions serve to increase relaxation rates. For *'P relaxa-
tion measurements of phospholipids within a bilayer,
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changes in fast motions report on dynamics experienced by
individual lipids, and changes in slow frequency motions
report on the collective motions of the bilayer surface
(Dufourc et al. 1992; Separovic et al. 2000).

Magic angle spinning NMR

In NMR of molecules tumbling rapidly in solution, the
anisotropy of chemical shift and dipolar coupling are
averaged such that relatively narrow peaks are observed at
the isotropic chemical shift. Magic angle spinning of solid
or semi-solid (e.g. hydrated MLV) samples about an angle
54.74° to the applied magnetic field mechanically accom-
plishes a similar effect (Andrew et al. 1958, 1959; Lowe
1959). For spin %2 nuclei other than proton, CSA is typi-
cally the dominating spectral feature; typical MAS rates
remove all apparent dipolar coupling, while the CSA is
modulated into a manifold of spinning sidebands (Herzfeld
and Berger 1980; Maricq and Waugh 1979) separated by
the spin rate, particularly at higher applied magnetic field
strengths. This allows spectral resolution of nuclei for
which static lineshapes would have otherwise hopelessly
overlapped. Furthermore, the isotropic chemical shift, or
centre-band position (the peak within the manifold which
does not move with changing MAS rate) is itself a strong
indicator of torsion angles, which define local structure
with respect to rotations about covalent bonds, most
prominently for backbone nuclei of protein and peptide
(Sait6 1983; Saito et al. 1998).

Developing SS-NMR techniques

As the SS-NMR field develops, stronger magnetic fields
have increased detection sensitivity, and advances in
pulsed field spectrometer technology is expanding the
range of potential techniques available. For example,
rotational-echo double resonance (REDOR) and Boltz-
mann’s Statistics REDOR are proving to be useful in
calculating internuclear distances (Gehman et al. 2007). As
SS-NMR allows membrane systems to be in a quasi-natural
state, conformational changes can be examined by com-
paring changes in internuclear distances.

Results and discussion
Addition of Aff to membrane systems
Af is added to vesicle bilayers by either ‘incorporation’ or

‘association’. In the incorporated method, Af was added to
the phospholipids prior to the formation of the vesicles by
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dissolving peptide and lipids together in organic solvent,
dried together into a thin film, and hydrated to form MLV.
Alternatively, as in previous work (Lau et al. 2007a, b),
peptide can be added in HFIP to preformed vesicles to 10%
final concentration of HFIP, lyophilized, and rehydrated to
destabilize then reform vesicle structure in the presence of
peptide. In the associated method, Af is added to the
phospholipid bilayers after the vesicles have been formed.
Due to the tendency of Af to aggregate in solution, when
associated, Aff possibly also aggregates but in a manner
templated by the phospholipid vesicle surface. Preparing
the samples using the incorporated method favours peptide/
lipid interactions, which may preclude, slow or chaperone
the peptide/peptide interactions characteristic of larger
aggregates. If the peptide does eventually aggregate
regardless of the method of addition, the incorporated
method gives the Af peptide a greater chance to aggregate
according to a pathway that perhaps better imitates the
natural process, beginning with its generation by secretase
cleavage within the membrane. This offers greater pros-
pects for observing how membrane interactions are
involved in the Af pathogenesis. Experimentally, similar
but more severe perturbations were often observed when
the peptide was incorporated rather than associated into the
membrane system.

Membrane interactions of AS(1-42)
and the amyloidogenic fragment Af(25-35)

The impact of AB(1-42) when associated with dPOPC/
POPS membrane bilayers is not significant as indicated by
3P and ?H NMR (Lau et al. 2006). When incorporated,
however, the upper part of the PC sn-1 palmitoyl chain
becomes slightly more disordered. The formation of an
isotropic spike in the *'P spectra reflects the loss of
membrane integrity and is similar to that observed for the
fusogenic N-terminal region of the HIV-1 Nef protein
(Curtain et al. 1994). The 3P CSA also reduces signifi-
cantly, suggesting more headgroup disorder and/or an
average headgroup orientation, for example, which bends
over more such that the choline moiety, under lipid long-
axis rotation, swings closer to the interfacial strata. This
may indicate a deeper membrane orientation for at least
some of the AS(1-42) peptide which creates the extra
space between lipid molecules and more room for the
headgroup to swing.

We have also obtained peptide structure-related infor-
mation in the context of lipid vesicles. The chemical shifts
of selectively labelled Ala30 and Leu34 carbonyl '*C of
Af(1-42) showed an upfield shift upon association or
incorporation with dPOPC/POPS (Lau et al. 2007a, b).
This is consistent with a conformational change from

300 250 200 150 100 50 0

Fig. 6 '>C CPMAS NMR spectra of: a dry Af(25-35); b associated
Af(25-35) with POPC/POPS; ¢ associated Af(25-35) with POPC/
POPS/cholesterol; d incorporated AS(25-35) with POPC/POPS; e
incorporated Af(25-35) with POPC/POPS/cholesterol; f incorporated
Ap(1-42) with POPC/POPS; g incorporated Af(1-42) with POPC/
POPS/cholesterol. A peptide/POPC/POPS mole ratio of 1:15:15 was
used and for peptide/POPC/POPS/cholesterol 1:10:10:10. All spectra
were collected at a controlled air temperature of 28°C and 6 kHz
MAS at 7.05 T for (b—g) and 14.1 T for (a). Dry peptide was not HFIP
treated, which resulted in chemical shifts intermediate between HFIP-
induced helical shifts (Lau et al. 2007a) and lipid-induced extended
conformation shifts

coiled to extended structures (Sait6 1983; Sait6 et al.
1998), as shown also by CD for Af(1-42) in unilamellar
vesicles of the same lipid composition (Lau et al. 2006)
as well as Af(1-40) in dimyristoylphosphatidylcholine
and dimyristoylphosphatidylglycerol unilamellar vesicles
(Bokuvist et al. 2004). However, as it was not clear whether
the two carbonyl resonances corresponded to two different
conformations or each carbonyl of the labelled pair, we
have permuted the labelling pattern to include the 2-13C of
Leu34 and the carbonyl >C of both Gly29 and Ala30.
These two carbonyls are statistically likely to have the
largest chemical shift difference of any two-carbonyl car-
bons (Biological Magnetic Resonance Data Bank 2007).
Figure 6f—g shows a 4.1 ppm separation between the
Gly29 and Ala30 carbonyl '°C peaks, compared to <2 ppm
observed under Ala30 and Leu34 carbonyl '*C labelling.
Thus the two resonances observed in both the current and
previous reports (Lau et al. 2007a, b) are likely to represent
two carbonyls that exist in a more uniform environment
across the sample, rather than each resonance being char-
acteristic of a different structural state.

Af(25-35) is a hydrophobic fragment from the C-ter-
minal half of the full-length peptide and is neurotoxic to
cortical cell cultures, yet lacks a metal-binding site. This
toxicity suggests that the full-length peptide may have
more than one mechanism of toxicity. Like the full-length
peptide, AB(25-35) was found to influence lipid bilayers
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differently depending on the method of addition. Peptide
associated after dPOPC/POPS vesicle formation was
observed by “H NMR to only slightly reduce segmental
order at both the top and bottom of the PC sn-1 palmitoyl
chain. However, the peptide significantly increased the *'P
CSA while accelerating *'P T, relaxation fivefold (Lau
et al. 2007b), indicating an increase in order on the
~ 100 ps and slow-motion limit time scales, and/or a more
average orientation of the head group toward the mem-
brane normal. Incorporation of Af(25-35) had a similar
but less effect on lipid head group CSA while slowing T,
relaxation slightly, and had an identical effect on the bot-
tom of the acyl chain, but increased rather than decreased
order at the top of the acyl chain. One interpretation is that
AS(25-35) peptide is able to penetrate deeper into the
interfacial region when incorporated during vesicle for-
mation rather than associating afterward.

Using peptide analogously labelled to Apf(1-42),
3C{'H} CPMAS data indicates that Af(25-35) similarly
adopts a more extended conformation, regardless of the
method of addition (Lau et al. 2007b). 3¢ spectra in
Fig. 6a—e, for a permutation of the labels for this peptide
analogous to Af(1-42) as above, reinforce these conclu-
sions; chemical shifts are consistent with a transition from
coiled to extended peptide structure at positions 29 and 30
in going from dry to lipid-associated states, and this
structure is invariant to mode of addition or cholesterol
content (at 0 or 33%) in the bilayer.

As both peptides exhibit cytotoxicity, the shift toward
extended conformation at the labelled C-terminal positions
may be a required structural change which allows the
peptide to perturb model membranes at the head group and
interfacial regions, and in vivo to cause the disruption to
nerve cell function. The commonality of these results for
associated Af(1-42) and AB(25-35) with phospholipid
bilayers suggests that a sequence tract which overlaps
significantly with Af(25-35) may mediate an alternate
toxic mechanism, which does not involve metals.

The effect of cholesterol and the drug Clioquinol (CQ)

Cholesterol is a rigid planar molecule, which orders
membrane bilayers by inserting between the phospholipid
molecules. The consequent increase in order corresponds to
a decrease in the fluidity of the bilayers in both model and
naturally derived bilayers (Brown and Seelig 1978;
Stockton and Smith 1976; Suckling and Boyd 1976). As
this ordering or stiffening of lipid bilayers could affect
insertion of the peptide into the membrane (Chochina et al.
2001), we also included cholesterol in model membrane
systems in our studies of Af peptide membrane
interactions.
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Cholesterol orders the sn-1 POPC chain by a factor of
1.9 and 1.6 at the upper CD, and terminal CDj3, respec-
tively, in JPOPC/POPS MLYV bilayers as determined from
the increase in the “H quadrupolar splitting for these acyl
positions (Lau et al. 2007a, b). The 3p CSA was reduced
from —43 to —40 ppm with cholesterol, and T, relaxation
rate was reduced from 6.2 to 10.6 ms. These perturbations
are consistent with cholesterol occupying a position at the
interfacial region of the membrane bilayer (Yeagle et al.
1975). Cholesterol consequently serves as a ‘spacer’ which
allows head groups to lean over further on average (Yeagle
et al. 1977) at the same time that the segmental motion of
acyl chains are more restricted. The ordering effect appears
also to translate to increased stability, as cholesterol pro-
tects the vesicle structure against Cu”* destabilisation (Lau
et al. 2007Db).

The inclusion of Af peptide with dPOPC/POPS/choles-
terol MLV bilayers served in most cases to amplify the
effect of cholesterol. Af(1-42) caused a further increase in
acyl chain order, and decrease in headgroup *'P CSA
compared to cholesterol alone although >'P T, relaxation
times decreased from 10.6 to 4-5 ms (Lau et al. 2007a).
Af(25-35) increased the acyl chain order slightly more than
the full length peptide, but had little further apparent effect
on the *'P headgroup CSA (Lau et al. 2007a). Our new data,
Fig. 6 demonstrates that both Af(1-42) and AS(25-35)
peptides maintain similar conformations irrespective of the
presence of cholesterol. Thus cholesterol appears in both
cases to enable a deeper positioning of peptide within the
membrane bilayers, without significant further perturbation
of peptide structure, than when it is absent.

The effect of copper and Af(1-42) on lipid bilayers

Cu?*, but not Zn>*, was found to dramatically destabilise
lipid vesicle bilayers at a mole ratio of 1:30 metal/lipid by
both *'P and *H SS-NMR (Lau et al. 2006). The addition of
Cu®* causes an apparent collapse of the static lineshape
to an isotropic phase lipid, which clearly remains in the
supernatant upon centrifugation and partitions from
apparently intact vesicles. Af(1-42) clearly tightly binds
the Cu®* and effectually protects the membranes against
the dramatic destabilisation at a peptide/metal ratio of 1:1.
Remarkably, with respect to the effect of Af(1-42) alone
on dPOPC/POPS bilayers, the presence of Cu®*, and to a
lesser extent Zn>*, AB(1—42) causes a large reduction in
3P CSA. The overall effect is much greater when the
ApP(1-42) is incorporated during the vesicle formation than
when associated afterward. Consistent with the inability of
Af(25-35) to bind metals, the presence of AS(25-35) did
not affect the impact of either Zn>* or Cu** on membrane
vesicles (Lau et al. 2007b).
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Figure 7 demonstrates the profound influence Cu®* ion
has on the '>C spectra of labelled Af(1-42) and Fig. 8
shows the effect on the *'P spectra of the phospholipid
headgroups. Upon addition of Cu?*, a significant com-
ponent from the intensity of Gly29 and Ala30 carbonyl
3C chemical shifts move upfield from 1704 and
174.5 ppm. Using calculated relative sideband intensities
(Herzfeld 1980; Schmidt-Rohr 1994) for a '>C carbonyl
nucleus with ¢ = ¢, of 78 ppm and 5 = (g, — 6,)/0, =
0.92 (Hartzell et al. 1987; Oas et al. 1987; Separovic
et al. 1990; Stark et al. 1983), the spectra across MAS
rates from 4 to 7 kHz are dominated by sideband mani-
folds arising from the Torlon (polyamide imide) MAS
spacer, with three major components with centreband
shifts of 122, 132, 166 ppm, and a fourth minor compo-
nent at 138 ppm. The Cu**-broadened relaxation of the
carbonyls from the C-terminal half of the peptide expe-
rience shifts under the anisotropic unpaired electron field
(Aime et al. 1996; Kurland and McGarvey 1970),
implying relatively structured proximity to the Cu®*,
although not necessarily by virtue of intramolecular
folding. The Co carbon of Leu34 at 52 ppm; however,
was not significantly shifted or broadened, placing it
possibly further from the complexed Cu?*, particularly if
this portion of the peptide maintains an extended structure
as observed in the absence of Cu®*.

Static *'P NMR spectra of the same sample (Fig. 8)
showed clear evidence of broadening, most likely owing

300 250 200 150 100 50 0

Fig. 7 '3C CPMAS NMR spectra of Af(1-42)/POPC/POPS/choles-
terol/CuGly, (1:10:10:10:1), at 150.8 MHz and four different MAS
rates as indicated. Boxes indicate spectral components with spacing
equivalent to the spinning speed, and relative heights proportional to
theoretical sideband pattern for 6 = 78 ppm and 1 = 0.92 as described
in the text. Components assigned to the Torlon MAS spacer are
represented by: wide light grey boxes (centred at 122 ppm), dashed
light grey boxes (centred at 132 ppm), solid dark boxes (centred at
166 ppm), and dotted white boxes (centred at 138 ppm). Leu34 is
indicated at 52 ppm

100 50 0 -50 -100
31P ppm

Fig. 8 Static *'P NMR spectra of Ap(1-42)/POPC/POPS/choles-
terol/CuGly, (1:10:10:10:1) after spinning at 7 kHz at 14.1 T for
~24 h. Narrow isotropic feature at ~ —2 ppm has a shoulder,
suggesting that this phase contains both POPC and POPS, and the
broad, asymmetric feature appears to be both relaxation broadened
(due to Cu®*) and possibly representative of a distribution of different
sized vesicles

to Cu’*-induced T, relaxation, and the isotropic peak
indicates formation of small vesicles, as previously
reported for *'P spectra of MLV devoid of cholesterol
acquired without intervening MAS (Lau et al. 2006). In
the present case, however, the isotropic peak was a con-
sequence of relatively fast MAS as static >'P spectra of
AB(1-42) in dPOPC/POPS/cholesterol with Cu®* did not
produce an isotropic peak (Lau et al. 2007a). This has
also been observed in the case of the «M1 peptide in
phospholipid bilayers (de Planque et al. 2004). As Cu?**
was added at stoichiometric levels to the peptide, which
has a very tight binding constant for Cu>* (Atwood et al.
2000), it is unlikely that there were significant levels of
free Cu®* available to associate with the phospholipid
headgroups. Thus the >'P broadening indicated that the
peptide—Cu** complex is associated with the phospholipid
headgroups, which may have possible disease implica-
tions for neuronal membranes. The evidence, therefore,
suggests that a significant fraction of Gly29 and Ala30,
but not Leu34, may be relatively close to the metal-
binding sites in the lipid-associated form of peptide—Cu**.
If so, this suggests that the membrane related structure of
the peptide complexed with Cu®* is different to the apo-
peptide Af(1-40) fibril structure (Petkova et al. 2002),
irrespective of whether the proximity to the metal is inter-
or intramolecular in origin. Alternatively, the apparent
influence of an unpaired electron may be caused by a
specific radical species generated within the peptide
(Kanski et al. 2001) or membrane.
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The effect of CQ

The effect of the drug CQ on Aff was also studied, as it
has been demonstrated to have therapeutic potential
(Barnham et al. 2003; Cherny et al. 2001, Tickler et al.
2005), based most obviously on its metal chelating
properties. Significantly, however, CQ alone in dPOPC/
POPS MLV vesicle bilayers increased the phospholipid
P CSA from —43 to —49 ppm, corresponding to more
order and/or a more upright headgroup orientation, and a
likely positioning of CQ amongst the headgroups in the
bilayer. The further addition of associated Af(1-42)
appeared to have little effect on the CQ/bilayer inter-
action. When Cu?* is included, however, the previously
discussed narrowing of *'P CSA by AS(1-42) in the pres-
ence of Cu”* (—32 ppm) was increased (to —45 ppm), as if
metal had been removed from the system with respect to
peptide/metal/membrane interactions, but with a residual
effect of CQ on the headgroups. Consequently, it is pos-
sible that CQ not only chelates metals rendering them
unavailable to binding by Af(1-42), but the position of CQ
within the membrane may also restrict membrane access of
the peptide.

Conclusion

The AB(1-42) peptide, in the absence of metal, appeared to
adopt an extended, f-strand type conformation and occupy
a position in the lipid membrane amongst the lipid head-
groups, probably reaching into the bilayer only as far as the
interfacial region particularly in the presence of choles-
terol. Cu2+, which introduces an unpaired electon either
directly or via oxidative mechanisms, clearly affected
peptide carbonyl labels at Gly29 and/or Ala30 as well as
*'P nuclei in lipid headgroups, but not the Leu34 a-carbon
nor lipid acyl chain '>C nuclei. While the observed Af
peptide is almost certainly not fibrilized nor otherwise
aggregated into insoluble plaques, the oligomeric order of
the “soluble” membrane-interacting peptide has yet to
be determined. Further structural analysis of Apf(1-42),
including examination of metal effects in greater detail, is a
topic of continuing work.
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