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Small angle X-ray scattering analysis of Cu2+-
induced oligomers of the Alzheimer’s amyloid
b peptide
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Kevin J. Barnham,ac Roberto Cappai,c Chi Le Lan Pham,§c Colin L. Mastersa and
Cyril C. Curtainac

Research into causes of Alzheimer’s disease and its treatment has produced a tantalising array of hypotheses

about the role of transition metal dyshomeostasis, many of them on the interaction of these metals with the

neurotoxic amyloid-b peptide (Ab). Here, we have used small angle X-ray scattering (SAXS) to study the effect

of the molar ratio, Cu2+/Ab, on the early three-dimensional structures of the Ab1–40 and Cu2+/Ab1–42 peptides

in solution. We found that at molar ratios of 0.5 copper to peptide Ab1–40 aggregated, while Ab1–42 adopted a

relatively monodisperse cylindrical shape, and at a ratio of 1.5 copper to peptide Ab1–40 adopted a mono-

disperse cylindrical shape, while Ab1–42 adopted the shape of an ellipsoid of rotation. We also found, via in-line

rapid mixing SAXS analysis, that both peptides in the absence of copper were monodisperse at very short

timeframes (o2 s). Kratky plots of these scattering profiles indicated that immediately after mixing both were

intrinsically disordered. Ensemble optimisation modelling reflected this, indicating a wide range of structural

conformers. These data reflect the ensembles from which the Cu2+-promoted oligomers were derived.

Our results are discussed in the light of other studies that have shown that the Cu2+/Ab has a marked effect

on fibril and oligomer formation by this peptide, with a higher ratio favouring the formation of cytotoxic

non-amyloid oligomers. Our results are relatively consistent with previous two-dimensional studies of the

conformations of these Cu2+-induced entities, made on a much longer time-scale than SAXS, by transmis-

sion electron microscopy and atomic force microscopy, which showed that a range of oligomeric species

are formed. We propose that SAXS carried out on a modern synchrotron beamline enables studies on initial

events in disordered protein folding on physiologically-relevant time-scales, and will likely provide great

insight into the initiating processes of the Ab misfolding, oligomerisation and amyloid formation.

Introduction

Progressive neurodegeneration associated with deposits of
aggregated amyloid b peptide (Ab) in plaques in the brain is
the hallmark of Alzheimer’s disease (AD). The condition, which
poses a major public health burden in all aging populations,

is characterised by an individually variable decline in cognitive
function and selective neuronal atrophy accompanied by loss of
cortical volume in areas involved in learning and memory. While
there is a weak correlation between plaque load in the brains of
human subjects and animal models and the rate of cognitive
impairment,1 mounting evidence suggests that amyloid fibrils
themselves are non-toxic end-products,2 which may represent an
equilibrium sink for toxic intermediates. Consequently, there has
been increasing interest in soluble oligomers of Ab that seem to be
particularly toxic.3–7 Unfortunately, synthetic Ab is very responsive
to in vitro environmental conditions. Accordingly, very large
ranges of toxic oligomeric preparations have been reported,
including amyloid derived, diffusible ligands (ADDLS), globulomers
and amylospheroids (for review see Teplow et al.8) This wide range of
species has complicated the elucidation of their significance in AD
pathogenesis.9

One factor that significantly influences Ab aggregation is the
presence of ions of transition metals, particularly copper and

a University of Melbourne, Florey Institute of Neuroscience and Mental Health,

Victoria 3010, Australia
b SAXS/WAXS Beamline, The Australian Synchrotron, 800 Blackburn Road, Clayton,

Victoria 3168, Australia
c Department of Pathology, Bio21 Molecular Science and Technology Institute,

The University of Melbourne, Victoria, 3010, Australia

† Florey Institute of Neuroscience and Mental Health, Level 4, Kenneth Myer Building
at Genetics Lane on Royal Parade, Parkville, Vic 3010. E-mail: tmryan@unimelb.edu.au,
Tel: +61390356728.
‡ Present address: European Molecular Biology Laboratory (EMBL), Hamburg
Outstation, Notkestrasse 85, 22607 Hamburg, Germany.
§ Present address: Discipline of Pharmacology, School of Medical Sciences,
DO6 Blackburn Building, The University of Sydney, NSW 2006, Australia.

Received 4th December 2014,
Accepted 9th February 2015

DOI: 10.1039/c4mt00323c

www.rsc.org/metallomics

Metallomics

PAPER

Pu
bl

is
he

d 
on

 0
9 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
M

el
bo

ur
ne

 L
ib

ra
ri

es
 o

n 
24

/0
3/

20
16

 0
5:

40
:3

4.
 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c4mt00323c&domain=pdf&date_stamp=2015-02-16
http://dx.doi.org/10.1039/c4mt00323c
http://pubs.rsc.org/en/journals/journal/MT
http://pubs.rsc.org/en/journals/journal/MT?issueid=MT007003


This journal is©The Royal Society of Chemistry 2015 Metallomics, 2015, 7, 536--543 | 537

zinc. These ions can significantly affect the formation of both
oligomers and amyloid fibrils in vitro. In addition, there is
some evidence that metal dyshomeostasis in the ageing brain
may contribute to the development of AD, with extra-cellular
copper pools being regarded as a potentially critical factor in
the development of the disease.10

Some studies have shown Cu2+ at sub-equimolar metal
ion/peptide ratios can induce the aggregation of Ab1–42 into
Thioflavin T (ThT) positive fibrils, while at supra-equimolar
ratios non-fibrillar oligomers are formed that have been shown
to be toxic to neuronal cells in culture.11–13 Other studies have
found that both sub and supra-molecular Cu2+/peptide led to
the ThT-negative species, implying the absence of cross-b-sheet
structures.14,15 This dichotomy is intriguing, and may have its
basis in the method of preparation of Ab, which can vary
significantly, and can result in dramatically different biophysical
properties of the peptide (for example see Ryan et al.16).

However, little is known about the structural differences
between the oligomers and fibrils that might account for these
differences in toxicity. Transmission electron microscopy
showed Ab1–42 in the presence of 1 : 1 Mole/Mole (M/M) or
greater Cu2+ forms spheres approximately 10–20 nm in size,
while at o1 : 1 M/M fibrils were observed.11 In another study
using transmission electron microscopy and atomic force
microscopy granular structures were found with Ab1–42 in the
presence of supra-equimolar Cu2+,12 while at supra-equimolar
Cu2+ Ab1–40 formed thin ribbon-like structures that resemble
amyloid fibres.12,17 The molecular basis for these alternate
morphologies is elusive, and warrants further investigation to
determine the basis for the disparate toxicity levels.

Small-angle X-ray scattering (SAXS) is a widely used low-
resolution technique for structural characterisation of proteins in
solution.18 Recent developments in ab initio modelling based on
the data extracted from the scattering profiles enable the quanti-
tative characterisation of the in solution structures of very large
protein assemblages, which either fail to crystallise, and hence
cannot be investigated by X-ray crystallography, are relatively short
lived or are too large to be analysed by solution state NMR. Solid-
state NMR can achieve relatively high-resolution measures; however
this technique only gives a representation of the final aggregated
(and hence solid) conformation. Here, we describe a SAXS study of
the earliest Ab1–40 and Ab1–42 structures formed in the presence of
sub- and supra-equimolar ratios of Cu2+.

Materials and methods
Ab preparation

Dry synthetic Ab1–40 and Ab1–42 (Keck laboratories, Yale) were
weighed and dissolved in hexafluoro-2-isopropanol (HFIP) and
incubated at 25 1C for 1 h to remove any preformed aggregates.
The peptides were then aliquoted into equal amounts and
dried by using a speed-vac. Before use, aliquots were dissolved
in 15 mM NaOH, sonicated in a water bath containing ice
for 15 min and centrifuged in a bench-top centrifuge at
16 000 � g for 20 min. The final peptide concentration was

3.75 mg mL�1 (as determined spectrophotometrically, with 214 nm
absorbance and extinction coefficients of 95 426 mol�1 cm�1 and
91 264 mol�1 cm�1 for Ab1–42 and Ab1–40). This was diluted fivefold
with a buffer consisting of 10 mM sodium phosphate, 150 mM NaCl
at pH 7.4, followed by sonication with a probe at 0.5 s intervals for 1
min at 30% power. The solution was then centrifuged in a benchtop
centrifuge at 13 000 rpm for 20 min.

Previously, we have observed that Ab1–42 peptides in the
absence of copper aggregate relatively rapidly, resulting in a
solution that is polydisperse, and hence not appropriate for SAXS
measurements. Thus, a custom, in-line rapid mixing device was
developed to monitor Ab refolding directly after buffer neutrali-
sation. Scattering measurements of the two forms of Ab rapidly
mixed from 15 mM KOH into the 10 mM phosphate 150 mM
NaCl pH 7.4 buffer (i.e. without Cu2+) were made with a custom
built flow mixing apparatus. This consisted of a stainless steel
0.8 mm internal diameter ‘‘Y’’ shaped mixing piece connected to
two microsyringes; one syringe delivering 100 mL of buffer and
the sample syringe 10 mL of protein in KOH. The 1.5 mm quartz
capillary located in the SAXS beam was joined to the outlet of the
mixing piece by a 15 cm length of 0.8 mm internal diameter
silicone tubing. Prior to the SAXS measurements, the efficiency
of mixing was determined by measuring photometrically the
distribution in the capillary of dye injected into the system at
different flow rates. However because of concerns regarding
reaction of the Cu2+ with the steel tubing and syringe plungers
introducing Fe ions into the system19 the apparatus was not used
in the experiments where Cu2+ was added to the peptides. Trace
Fe ions in combination with Cu2+ can set up a Fenton redox cycle
that could lead to oxidative damage to the peptides, even within
the short time-scale of our experiment.20

Here, 25 mM Cu2+ was prepared as 1 part CuCl2 to 6 parts
glycine (Gly) in H2O. The addition of a glycine counter-ion was
essential to prevent the formation of insoluble phosphate Cu
complexes. Because of the known tendency of Ab1–40 and Ab1–42

to show signs of aggregation in the presence of Cu2+ within times
as short as 30 min.,19 the CuCl2/Gly was added to the reaction
mixture at the required concentration from the 25 mM stock
solution immediately before the SAXS measurements. Buffer
equilibration was performed on a PD-10 desalting column
(GE Healthcare) equilibrated with the CuCl2/Gly 10 mM sodium
phosphate 150 mM NaCl pH 7.4 buffer, resulting in a final
concentration of 100 mM of protein. Samples were centrifuged
at 16 000� g for 10 minutes and immediately introduced into the
SAXS beamline. The whole process took place within 20 min.
Protein concentration of an aliquot of each sample was determined
by using the extinction coefficient at 214 nm of 95 426 M�1 cm�1

and 91 264 M�1 cm�1 for Ab1–42 and Ab1–40, respectively.

Small-angle X-ray scattering (SAXS) measurements

Measurements were made using the high-intensity undulator
source on the SAXS/WAXS beamline of the Australian Synchrotron
(Clayton, Victoria, Australia).21 An energy resolution of 10�4 was
obtained from a cryo-cooled Si(III) double-crystal monochromator,
and the beam size (fwhm focused at the sample) was 250 �
100 mm with a total photon current of approximately 2 � 1012
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photons s�1. The maximum q range used was 0.005 to 0.35 Å�1

(where q = 4p sin y/l, 2y is the X-ray scattering angle and l the
X-ray wavelength, 1.03 Å). Absolute intensities were calibrated using
water in the 1.5 mm ID quartz capillary. The samples were slowly
pumped through 1.5 mm quartz capillaries (Hampton Research,
Aliso Viejo, CA USA) and 25 exposures were made at 1.2 s. intervals.
The exchange buffer was used as the scattering blank.

Analysis of SAXS data

All patterns obtained were reduced to one-dimensional profiles of
intensity I versus q using the Saxs15id software package.22 Indivi-
dual frame profiles were inspected to ensure that there were no
outliers and that those from the initial exposures were identical to
those from the last indicating absence of radiation damage or, in
the cases of the proteins with added Cu2+, changes in oligomerisa-
tion. Radius of gyration (Rg) calculation using AUTORG, Kratky
plots (q vs. q2I(q), Guinier (Ln I(q) vs. q2) and Porod analyses and
the determination of the size and shape of the molecules in
solution from the SAXS profiles were made using the ATSAS suite
of programs 2.5.0-2 release23–26 available from http://www.
embl-Hamburg.de/ExternalInfo/Research/Sax/index.html. The
data were processed and the overall parameters were computed
following standard procedures using the program PRIMUS.
Radii of gyration (Å) were calculated from both Guinier and pair
distribution function, P(r), analysis. AUTOPOROD27 and the
MULCh server of The School of Molecular Biosciences, University
of Sydney (http://smb-research.smb.usyd.edu.au)28 were used to
calculate estimated particle volume and molecular mass. Data were
regularised by the indirect Fourier transformation method imple-
mented in the program GNOM29 and were used as input into
DAMMIF30 (online at www.embl-hamburg.de/biosaxs/atsas-online/
dammif.php) to build ab initio models of the protein shapes by
simulated annealing. DAMMIF was run 20 times on the same
input data and the output models were aligned and averaged using
DAMAVER. Molecular dimensions were estimated using HYPERCH-
EMs and final illustrations were prepared with RasMol 2.7.4.

Where scattering indicated a fully flexible protein, ensemble
optimisation modelling (EOM) was employed.31 This approach
is based on the generation of a large pool (typically 10 000) of
theoretical structures derived with side-chain interaction con-
straints from the primary sequence of the protein. The theore-
tical X-ray scattering profiles calculated from these structures
are then matched for fit using a genetic algorithm against the
experimental scattering profile to create an ensemble of best fit
structures. The parameters of these selected structures give a
distribution for the best fits for Rg and Dmax, which can be used
to determine variations in flexibility and conformation.

Results
Rapid addition of Ab1–40 and Ab1–42 to non-Cu2+ containing
buffer leads to rapid development of polydispersity

Studies of the initial conformation of Ab are essential for
understanding its interactions with metal ions, and in under-
standing the changes that these metal ions induce in its

structure. Unfortunately, the high propensity of Ab to aggregate
at any appreciable concentration makes obtaining these data
difficult. To investigate the earliest stages of Ab refolding, we
used the custom in-line rapid mixing device to acquire data at
1.2 second intervals for Ab refolded into PBS buffer from 15 mM
KOH (Fig. 1A and B), to a final concentration of 1 mg mL�1. Both
Ab1–40 (Fig. 1A) and Ab1–42 (Fig. 1B) displayed rapid aggregation
resulting in polydispersity 2.4–3.6 seconds after mixing. However,
the data acquired for the first point at 1.2 seconds was mono-
disperse (as indicated by Guinier analysis,32 plot not shown),
indicating a lack of aggregated material. MULCh analysis of the

Fig. 1 Scattering data from rapid mix experiments. (A) Profiles of Ab1–40

taken at 1.2 second intervals reading up from lowest curve after mixing
from 15 mM KOH solution into 10 mM phosphate 150 mM NaCl pH 7.4
buffer. (B) Profiles of Ab1–42 taken after mixing, 1.2 s. intervals between
curves also reading up from lowest curve, (C) Kratky plot calculated from
the 1st 1.2 s. Ab1–40 profile. (D) Kratky plot from the 1.2 s. Ab1–42 profile.
(E) Rg distribution calculated using Advanced EOM 2.0 from the 1.2 s Ab1–42

profile. (F) EOM derived Dmax distribution for the 1.2 s Ab1–42 profile.
(G) EOM derived Rg distribution for the 1.2 s Ab1–40 profile. (H) EOM
derived Dmax distribution for the 1.2 s Ab1–40 profile. Dotted lines in panels
E, F, G and H represent the pools of Rg and Dmax values generated from the
peptide sequences. The solid lines represent the ensemble values.
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scattering data gave values of 5 � 1 kD for both peptides, again
indicating a relatively monomeric status upon initial refolding.
Kratky analysis of both 1.2 second exposures (Fig. 1C and D)
indicated that the proteins at this stage were highly flexible
meaning that the scattering curve could encompass a wide range
of possible conformations. Ensemble optimisation modelling
showed such a wide distribution of conformers for both peptides
(panels E and F, G and H). As could be expected from inspection
of profiles shown in Fig. 1A and B there is a significant difference
between the conformer profiles of the two peptides. The ensem-
ble Rg max values were 30.5 and 28.5 for the and respectively,
compared with 20.5 for the random pool. This difference is an
indication of a significant number of extended conformers in
both ensembles. The Dmax distribution for Ab1–42 (Fig. 1F) reflects
a slightly greater proportion of extended compact conformers
than the distribution for Ab1–40 (Fig. 1H). Yang and Teplow33

performed ms time-scale replica exchange molecular dynamics
simulations to sample the conformational space of the Ab1–40 and
Ab1–42 monomers and showed that neither peptide was comple-
tely unstructured, in agreement with our SAXS findings.

SAXS profiles of Ab1–40 mixed with sub and supra-equimolar Cu2+

SAXS analysis of Ab in the presence of copper resulted in a
series of interesting results (Fig. 2). Ab1–40 in the presence of
sub-stoichiometric Cu2+ displayed an asymptotic increase at
low angles (Fig. 2A, ii), indicative of aggregation, and a non-
linear Guinier region, which renders this data unanalysable
(Fig. 2D, ii). For comparison curve iii shows the similar 4.8 s.
profile for Ab1–40 rapidly mixed from KOH solution into buffer.

On the other hand, the profile of Ab1–40 in the presence of
supra-stoichiometric Cu2+ indicated a relatively monodisperse
solution (Fig. 2A, i). A Kratky plot of the supra-stoichiometric
Cu2+ ratio indicated globular structure (Fig. 2B), and the particle
distance distribution function (P(r)) (Fig. 2C), in conjunction with
Guinier analysis (Fig. 2D, i) suggested a monodisperse solution
with an Rg and Dmax of 39.7 � 1 Å and 123 � 2 Å, respectively
Table 1). The closeness of the Guinier Rg and that obtained from
the P(r) calculation (Table 1) also supported the suggestion of
monodispersity.32 Porod and MULCh analysis provided values of
47 � 3 kDa and 51 � 1 kDa, respectively. These results indicate
that Ab1–40 in supra-stoichiometric concentrations of copper
forms a relatively stable large oligomer.

SAXS profiles of Ab1–42 equilibrated with sub and supra-
equimolar Cu2+

In contrast to Ab1–40, Ab1–42 is monodisperse in the presence
of both supra (profile i) and sub (profile ii) stoichiometric
concentrations of Cu2+ (Fig. 3A). However, the scattering data
indicates that Ab1–42 has two very distinct conformations in the
varying concentrations of Cu2+. Kratky analysis indicates that
these two profiles represent globular structures (Fig. 3B), while
evaluation of the particle distance distribution function (P(r))
with GNOM (Fig. 3C) and Guinier analysis (Fig. 3D) indicated
that the Rg’s were 54.5 � 1 Å and 77 � 1 Å for the low and high
Cu2+ ratios, respectively, while the values obtained from the P(r)
calculation were, respectively, 125.5 � 1 Å and 185 � 1 Å
(Table 1). The Porod and MULCh analysis indicate molecular
weights of 96 � 3 kDa and 98� 1 kDa for low Cu2+, respectively,

Fig. 2 Scattering data for Cu2+/Ab1–40 at sub and supra-equimolecular ratios. (A) Scattering profiles. Curve (i) Ab1–40 in 1.5 M/M Cu2+, (ii) Ab1–40 0.5 M/M
Cu2+ (B) Kratky plot of 1.5 M/M Cu2+/Ab1–40. (C) Pair distribution analysis plot (P(r)) of 1.5 M/M Cu2+/Ab1–40. (D) Guinier plots of (i) 1.5 M/M Cu2+/Ab1–40,
(ii) 0.5 M/M Cu2+/Ab1–40, and (iii) Ab1–40 rapidly mixed from KOH to buffer.
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while for high Cu2+ values of 158 � 4 kDa and 161 � 4 kDa,
respectively, were obtained. These results strongly suggest that
Ab1–42 forms large oligomers of differing conformation on the
basis of the stoichiometric ratio of Cu2+.

Ab initio modelling of the high Cu2+/peptide Ab1–40 and high
and low Ab1–42 complexes

The Dmax values indicate that Ab1–40 in the presence of high
Cu2+ and the Ab1–42 Cu2+ samples were relatively elongated. In a
fitting procedure using the ATSAS program BODIES, the scat-
tering profiles of the complexes were approximated by those
generated from simple homogenous geometrical bodies
(Fig. 4). Using this approach the 1.5 M/M Cu2+/Ab1–40 could
not be suitably described (with discrepancy, w 4 2.0) by any of
the cylinder, ellipsoid, sphere or dumb-bell bodies (curve i is an
attempt at cylinder fit), while that of the 0.5 M/M Cu2+/Ab1–42

(ii) was very well represented by a cylinder of length 193 Å and
diameter 37 Å (w = 0.85). Similarly, the 1.5 M/M Cu2+/Ab1–42 data
(iii) were reasonably fit by an ellipsoid of rotation with diameter
110 Å and max depth 68 Å (w = 1.6). Nevertheless, we must bear
in mind two-dimensional scattering data can give several
possible three-dimensional structures and the failure of the

simple BODIES fitting procedure in the case 1.5 M/M Cu2+/Ab1–40

illustrates that this procedure is not necessarily infallible.
In another approach, ab initio models were reconstructed

from the experimental scattering data for each of the three
monodisperse samples using the bead modelling program
DAMMIF.34 Clustering analysis based upon the normalised
spatial discrepancies between input models was conducted to
assess the similarity of the reconstructions, where the closer
the distance between two pairs of models the more closely they
resemble each other. The small relative distances between
clusters are given in Table 2 indicate that the ab initio recon-
structions for each sample are robust. It is likely that the poor
fit of the 1.5 M/M Cu2+/Ab1–40 profile by any of the BODIES
shapes was due to the noise at its higher q values. Bead
modelling is less sensitive to this region. The shapes of the
bead models produced were essentially extended and rod-like
for both 1.5 M/M Cu2+/Ab1–40 and 0.5 M/M Cu2+/Ab1–42 samples,
but compact and discoidal for 1.5 M/M Cu2+/Ab1–42. This was
consistent with the Kratky plots suggesting that the complexes
were relatively globular and likely folded.

Although the depicted shapes are reasonable solutions for
modelling from the mathematical point of view, it is desirable
to seek confirmation from independent data, which are usually

Table 1 Radii of gyration (Å), Dmax (Å) and molecular mass (kDa) of Ab1–40:Cu2+ and Ab1–42: Cu2+ at sub and supra-equimolecular peptide/Cu ratios

Peptide Rg Guinier (Å) Rg GNOM (Å) Dmax (Å) MM AUTOPOROD (kDa) MM MULCh (kDa)

1.5 M/M Cu2+/Ab1–40 39.7 � 1 43.5 � 2 123 � 2 47 � 3 51 � 2
0.5 M/M Cu2+/Ab1–42 54.5 � 1 58.5 � 2 125 � 1 96 � 3 98 � 1
1.5 M/M Cu2+/Ab1–42 77 � 1 84 � 1 185 � 1 158 � 4 161 � 4

Fig. 3 Scattering data for Cu2+/Ab1–42 in sub and supra-equimolecular ratios. (A) Scattering profiles for (i) Ab1–42 in 1.5 M/M Cu2+, (ii) Ab1–42 in 0.5 M/M
Cu2+ and (iii) Ab1–42 in buffer for comparison. (B) Kratky plots of (i) 1.5 M/M Cu2+/Ab1–42, (ii) 0.5 M/M Cu2+/Ab1–42. (C) Pair distribution analysis plot (P(r)) of
(i) 1.5 M/M Cu2+/Ab1–42, (ii) 0.5 M/M Cu2+/Ab1–42. (D) Guinier plot of (i) 1.5 M/M Cu2+/Ab1–42, (ii) 0.5 M/M Cu2+/Ab1–42.
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crystallographic or NMR derived models of the oligomer subunits.
Monomeric Ab in solution, however, is intrinsically unstructured,
molecular dynamics simulation showing it to populate a range of
conformations.35,36 This is confirmed in our EOM analysis of the

scattering data from the rapid mixing experiment where at
physiological pH and ionic strength both peptides rapidly
assumed an unstructured conformation before aggregating.
However, the Kratky plots generated from the SAXS data of the
Cu2+ complexes are consistent with folded peptide in each case,
indicating that the binding of Cu2+ leads to structural stabilisa-
tion. Dividing the molecular mass of the 1.5 M/M Cu2+/Ab1–42 by
the molecular mass of Ab1–42 suggests that it consists of 38
peptide monomers, while the elongated 1.5 M/M Cu2+/Ab1–40

and 0.5 M/M Cu2+/Ab1–42 consist of 10 and 20 peptides, respec-
tively. The length of an extended b strand conformation of Ab1–42

is 118 Å while that for Ab1–40 is 115 Å. Since the conformations of
the complexes are dependent on the Cu2+/peptide ratio, we would
expect the known Cu2+ coordination sites, at the N-terminal end
of the peptides, to be involved in their formation.37–40 At the
C-terminal half of the peptide there are the two zipper sequences;
the Gly-XXX-Gly-XXX-Gly motif that has been proposed to mediate
the formation of toxic oligomers41 and the C-terminal sequence
starting at M35.42 In both kinds of zipper M35 plays a prominent
role. Solid-state NMR experiments43 have demonstrated that
dimerization of protofibrils involves the formation of an inter-
sheet steric zipper via M35–M35 for both Ab1–40 and Ab1–42.
However, participation of M35 presents an important constraint
on the role of both kinds of zipper in the formation of the Cu2+

induced oligomers/protofibrils. It has been shown that Ab1–42

fibrils formed in the presence of Zn2+ are resistant to matrix
metalloprotease 2, which cleaves Ab at L34-M35, while fibrils and
protofibrils formed in the presence of 0.1–10 M/M Cu2+ are
degraded.44 This finding suggests that the oligomers/protofibrils
formed in the presence of Cu2+ must be either sufficiently loosely
packed to allow access of the protease or are in equilibrium with
monomeric species. A possible packing arrangement for the
1.5 M/M Cu2+/Ab1–42 is shown in the cartoon in Fig. 5 where 19
peptides can be fitted into each half of an ellipsoid of rotation of
the dimensions indicated by the scattering data. The overlap
necessary to fit into the depth of the ellipsoid covers the two
above-mentioned zipper regions.

Discussion

The Ab peptides are cleaved from the amyloid-b protein pre-
cursor (APP) by the two proteases, b-and g-secretase. Studies in
transgenic mice and cell and hippocampal slice cultures show
that Ab oligomers modulate both pre- and postsynaptic struc-
tures and functions in a dose- and assembly-dependent manner.
A major task for the study of the biophysics of Ab peptides is to
relate in vitro observations of their modes of assembly to what is
known of their in vivo behaviour. However, establishing this
relationship is difficult as the in vitro and in vivo spheres of
action have contrasting time-scales. On release from the APP into
the synaptic cleft the peptides are confronted with a milieu
containing Zn and Cu ions and membrane surfaces within a
small space that would be conducive to rapid reactions. SAXS
performed on a synchrotron beamline can generate data on a
time-scale of seconds. It, therefore, is a good method for studying

Fig. 4 Fit of cylindrical and ellipsoidal bodies to scattering profiles; (i) lack
of fit of a cylinder to 1.5 M/M Cu2+/Ab1–42; (ii) fit of a cylinder to the profile
of 0.5 M/M Cu2+/Ab1–42; (iii) fit of an ellipsoid of rotation to the profile of
1.5 M/M Cu2+/Ab1–42.

Table 2 Relative distances between clusters obtained from DAMMIF

Ab1–40 1.5 M/MCu2+ Ab1–42 0.5 M/M Cu2+ Ab1–42 1.5 M/M Cu2+

Clusters Distancesa Clusters Distancesa Clusters Distancesa

1 2 0.5050 1 2 0.5576 1 2 0.6924
1 3 0.5239 1 3 0.5944 1 3 0.6287
1 4 0.5124 1 4 0.5836 1 4 0.6251
1 5 0.5164 1 5 0.5684 1 5 0.7118
1 6 0.5296 1 6 0.6209 1 6 0.6385
1 7 0.5208 1 7 0.5861 1 7 0.6299
2 3 0.5401 2 3 0.6225 2 3 0.7599
2 4 0.5366 2 4 0.6030 2 4 0.6625
2 5 0.5231 2 5 0.5490 2 5 0.6742
2 6 0.5306 2 6 0.5506 2 6 0.5527
2 7 0.5336 2 7 0.5532 2 7 0.7793
3 4 0.5463 3 4 0.5925 3 4 0.7521
3 5 0.5397 3 5 0.6236 3 5 0.7730
3 6 0.5620 3 6 0.5660 3 6 0.6214
3 7 0.5508 3 7 0.6219 3 7 0.7242
4 5 0.5712 4 5 0.5968 4 5 0.6993
4 6 0.5467 4 6 0.6542 4 6 0.5897
6 7 0.5730 6 7 0.6235 6 7 0.7728
5 6 0.5543 5 6 0.5660 5 6 0.6722
5 7 0.5792 5 7 0.6036 5 7 0.6960

a Truncated from 13 places.
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the collapse of inherently disordered proteins into more compact
conformers that could be the basis of larger assemblages. NMR
studies45,46 have been carried out on fibrillar structures in the
presence of Cu, using magic angle spinning, and on Ab in
structure promoting environments,47 while ion mobility coupled
with mass spectrometry has been used to characterise different
oligomer states of Ab1–40 and Ab1–42 in the absence of Cu.48 They
have made a very significant contribution to our understanding
of the structural relationships between the peptides forming
amyloids, but typically provide information on events that occur
late in the aggregation pathway.

Our findings on the effect of Cu2+ on Ab folding agree
broadly with what is already known of the effect of Cu2+

concentration on the polymerisation of Ab. Smith et al.11 found
that at sub-equimolar Cu2+/peptide molar ratios Ab1–42 formed
thioflavin-T reactive non toxic fibrils, however at supra-
equimolar Cu2+/peptide molar ratios it formed toxic oligomers.
Transmission electron microscopy showed these to be approxi-
mately 10–20 nm in diameter and associated with large amor-
phous aggregates. Jin et al.12 found that the only significant
effect on Ab1–40 of equimolar Cu2+/peptide was to produce thin
(proto) fibrils as observed by TEM and AFM. However Ab1–42

showed increased aggregation in the presence of Cu2+, which
induced granular aggregates and enhanced Ab1–42’s cytotoxicity.
The structure obtained in our SAXS studies of the supra-
equimolar Cu2+/Ab1–42 was somewhat smaller in diameter
(Fig. 5C) and consistent with a monodisperse solution of oligo-
meric discoidal/ellipsoidal particles. It is highly likely that these
differences are also due to differences in the initial aggregation
propensity of the different batches of peptide and the method
used for their initial solubilisation. Significantly, the 7 nm thick-
ness of the ellipsoid of rotation is compatible with the estimate of
20 nm for the width of the synaptic cleft49 which is one of the
likely sites of Ab oligomer toxicity.50

Smith et al.11 showed the presence of dityrosine in the supra-
molecular Cu2+/Ab1–42 oligomers. Cu2+ induced formation of di-
tyrosine may be a mechanistic cause of the increase in Ab
cytotoxicity observed upon treatment with Cu2+.11 Barnham
et al.51 showed that Cu-facilitated redox processes involving
tyrosine at position 10 of Ab could produce reactive oxygen
species contributing to the cytotoxicity of Ab peptides in the
presence of Cu2+. A feature of this reaction was that it required
Cu–Cu distances of approximately 6 Å, as shown by EPR studies
showing dipolar interaction effects in the spectra of supra-
equimolar Cu2+/Ab1–42 that were not observed with sub-equimolar
preparations.52 It is, therefore, possible that the compact structure
of the discoidal oligomers formed in the presence of supra-
equimolecular Cu2+ concentrations demonstrated by our SAXS
study would facilitate Cu–Cu interaction and hence toxicity, while
the more extended structures found at a lower Cu2+ concentration
may not facilitate this arrangement. Alternatively, toxicity may be
increased by enhancement of cross-linking of synaptic membrane
receptors by the Ab N-terminal regions in the discoidal structure.
Cross-linking leading to synaptotoxicity has been suggested as an
Ab toxicity mechanism.53

Conclusion

We show that sub-equimolecular concentrations of copper ions
induce the formation of elongated Ab structures consistent
with protofibrils, while supra-equimolecular concentrations
of copper ions induce Ab1–42 to form ellipsoidal oligomers,
consistent with postulated toxic oligomeric species that have
been observed microscopically. The SAXS results show that
these structures form rapidly, and are relatively well ordered,
suggesting that they are likely to interact specifically with larger
macromolecular structures. In addition, our results show the
utility of SAXS in understanding the complex behaviour
observed in aggregation prone systems, and the potential
insight that can be gained through rapid analysis of protein
folding and self-association.
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