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ABSTRACT: A growing body of evidence suggests that soluble oligomeric forms of the amyloidâ peptide
known as amyloid-derived diffusible ligands (ADDLs) are the toxic species responsible for neurodegen-
eration associated with Alzheimer’s disease. Accurate biophysical characterization of ADDL preparations
is hampered by the peptide’s strong tendency to self-associate and the effect of factors such as ionic
strength, temperature, and pH on its behavior. In addition, amyloid peptides are known to interact with
common laboratory excipients, specifically detergents, further complicating the results from standard
analytical methods such as denaturing polyacrylamide gel electrophoresis. We have studied the solution
behavior of various amyloid peptide preparations using analytical ultracentrifugation and size exclusion
chromatography coupled with multiangle laser light scattering. Our results indicate that ADDL preparations
exist in solution primarily as a binary mixture of a monomeric peptide and high-molecular mass oligomers.
We relate our findings to previously described characterizations utilizing atomic force microscopy and
electrophoretic methods and demonstrate that low-molecular mass oligomers identified by gel electro-
phoresis likely represent artifacts induced by the peptide’s interaction with detergent, while atomic force
microscopy results are likely skewed by differential binding of monomeric and oligomeric peptide species.
Finally, we confirm that only the high-molecular mass oligomeric components of an ADDL preparation
are capable of binding to subpopulations of primary hippocampal neurons in vitro.

The amyloidâ peptide (Aâ) is produced by proteolytic
cleavage of amyloid precursor protein (APP) and is found
in vivo primarily as a 39-43-residue peptide. Accumulation
of Aâ, particularly the 42-amino acid form [Aâ(1-42)], leads
to the formation of large, insoluble deposits (plaques) of
aggregated peptide in the brain of patients with Alzheimer’s
disease (AD) (1). It is this plaque deposition that is a hallmark
in the post mortem analysis of the AD brain. The “amyloid
cascade hypothesis” postulates that a time-dependent deposi-
tion of amyloid plaques in the brain is responsible for the
neurodegeneration seen in AD (2). This hypothesis has been
revised in recent years to account for the observation that
early neurodegenerative symptoms in AD patients do not
necessarily correlate with the onset of plaque deposition. A
mounting body of evidence suggests that soluble oligomeric
forms of Aâ known as amyloid-derived diffusible ligands
(ADDLs) may constitute the acutely toxic peptide species
(3-9). ADDLs have a demonstrated toxicity on neuronal
cells in vitro (10) and can induce cognitive deficits when
administered in vivo (11, 12). Long-term potentiation in
hippocampal brain slices is negatively affected by preincu-
bation of the slices with Aâ oligomers (13-15). The

reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) by cultured cells was shown to be
affected by preincubation of the cells with oligomeric Aâ;
however, the validity of this assay has been questioned (16).
It is postulated that the physiological effects of ADDLs may
be related to their ability to form ion channels in cell
membranes, resulting in membrane depolarization (17).

Aâ concentrations in vivo are in the low nanomolar range.
This fact, coupled with its propensity to associate with other
proteins, has precluded the isolation of large quantities of
purified peptide from natural sources. The preparation of
ADDLs was first reported by Lambert et al. (3), who
incubated Aâ(1-42) with clusterin in the presence of
components of cell culture media. Subsequently, Stine et al.
(18) described a preparation method utilizing peptide alone
in which synthetic Aâ(1-42) was first dissolved in hexafluoro-
2-propanol (HFIP) to eliminate any preexisting secondary
structure that could act as a “seed” for aggregation. The HFIP
was removed by evaporation, and the dried peptide film was
then redissolved in dimethyl sulfoxide (DMSO) and diluted
into cell culture medium followed by incubation at 2-8 °C
to induce oligomer formation. More recent studies have
reported that the HFIP-solubilized peptide may be directly
diluted in water followed by evaporation of residual solvent
and mechanical agitation to induce oligomer formation (19).

Characterization of ADDL preparations has often utilized
denaturing polyacrylamide gel electrophoresis (SDS-
PAGE), while atomic force microscopy (AFM) and, to a
lesser degree, electron microscopy have been successfully
used to visualize oligomeric assemblies and distinguish these
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from monomer and fibrils. Clusterin-derived ADDLs exam-
ined by AFM were globular in nature; however, peptide
prepared in the absence of clusterin tended to be more
fibrillar in nature (3). The globules were shown to have a
diameter of approximately 3.8-4.7 nm, which was theorized
to correspond to a protein of 17000-42000 Da. Further
support for the low-mass oligomer structure of ADDLs was
provided by nondenaturing electrophoresis where bands were
observed at predicted masses of 17 000 and 27 000 Da. Size
exclusion chromatography (SEC), analytical ultracentrifu-
gation (AU), and fluorescent dye binding have also been
utilized in characterizing the components of this complex
system, although to a much more limited degree. In 2003,
Chromy et al. (6) characterized ADDL preparations using
AFM, nondenaturing electrophoresis, and SEC to separate
ADDLs into two distinct peaks. They found the preparation
to be composed of two species, an early-eluting high-mass
component and a more retained low-mass component. They
further showed that while the higher-mass peak exhibited
punctate binding to primary neurons, the lower-mass peak
(estimated to be approximately 13 000 Da) did not bind.

In this study, we sought to provide a definitive profile of
the solution state of various forms of the Aâ peptide and to
resolve the discrepancies between gel-based and solution-
based methods of analysis. Toward this end, we utilized SEC
coupled with multiangle laser light scattering detection (SEC/
MALLS) and AU to characterize the solution behavior of
monomeric peptide, ADDLs, and fibrils. Importantly, we
provide definitive evidence using MALLS that previous
reports identifying the low-molecular mass component as
being composed of low-n oligomers are in error, that this
species actually represents monomeric peptide, and that the
high-molecular mass components are a polydisperse mixture
of oligomeric species with molecular masses significantly
higher than those previously proposed. We show definitively
that intermediate-sized oligomers, postulated by gel-based
analyses to be the major component of ADDL preparations,
actually represent an insignificant mass of the total peptide
in solution and are likely detergent-induced or detergent-
stabilized artifacts.

EXPERIMENTAL PROCEDURES

Peptides and Reagents.Aâ(1-42) and Aâ(1-40) peptides
along with their N-terminal biotinylated analogues were
purchased from American Peptide Co. (Sunnyvale, CA) at
purity levels of >95%. 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP) and anhydrous DMSO were purchased from Sigma-
Aldrich (St. Louis, MO). Polyacrylamide gels, buffers,
SYPRO-Ruby protein stain, and electrophoresis equipment
were purchased from Invitrogen (Carlsbad, CA).

ADDLs were prepared using slight modifications of
previously described methods (20). Fibrils were prepared as
described previously (18) by dissolving 0.5 mg of Aâ(1-
42) peptide in 1 mL of 10 mM hydrochloric acid and
incubating the mixture at 37°C for 16-18 h. Alternatively,
peptide was dissolved to a concentration of 5 mM in DMSO,
diluted to 0.5 mg/mL in phosphate-buffered saline, and
incubated at 37°C for 16-18 h. Aâ monomer was prepared
by dissolving 0.5 mg of HFIP-treated Aâ(1-40) or Aâ(1-
42) in 1.0 mL of 25 mM sodium tetraborate (pH 8.5). These
preparations were either used immediately [Aâ(1-42)] or

flash-frozen and stored at-70 °C [Aâ(1-40)]. Biotinylated
ADDLs (bADDLs) and monomer were prepared by the same
protocols using N-terminally biotinylated peptides.

Chromatography.Size exclusion chromatography was
performed on an Agilent (Wilmington, DE) 1100 series
HPLC system equipped with a diode array detector, a Wyatt
Technology (Santa Barbara, CA) Optilab DSP interferometric
refractometer, and a Wyatt DAWN EOS multiangle laser
light scattering (MALLS) detector. Wyatt Astra software
(version 4.90.07) was used to analyze all light scattering data.
The refractive index increment for monomeric Aâ(1-42)
was determined empirically using flow injection analysis of
HFIP-treated peptide. Chromatographic separations were
performed in 25 mM sodium phosphate (pH 7.3) at a flow
rate of 0.5 mL/min on a 10 mm× 30 cm Superdex 75
column (Amersham Biosciences, Piscataway, NJ) preceded
by a 5 mLguard column composed of prep grade Superdex
75. The column was run at room temperature, while the
refractometer and light scattering cells were kept at 35°C.

Large-scale ADDL preparations were separated on a high-
resolution 1.6 cm× 60 cm Sephacryl S-200 column
(Amersham Biosciences) run in 25 mM sodium phosphate
(pH 7.3) at a flow rate of 0.5 mL/min. Five-minute fractions
were collected on ice, and the peaks were pooled on the basis
of the absorbance at 205 nm.

Analytical Ultracentrifugation. Sedimentation velocity
experiments were performed at 4, 20, and 30°C on a
Beckman (Fullerton, CA) XLI analytical ultracentrifuge using
an An-60 Ti rotor and double-sector cells. Rotor speeds
ranged from 20 000 to 50 000 rpm, and the sample absor-
bance was monitored at 280 nm for samples prepared in
DMSO/F12 or at 215 nm for fractionated SEC peaks in
phosphate buffer. Time derivative analysis was performed
using the Beckman XLI data analysis software and DC/DT+
software (21, 22). Sedimentation equilibrium experiments
were performed on Aâ(1-42) ADDL preps at 476, 238, and
151 µg/mL using six-channel cells. Experiments were
performed at 4°C at speeds of 10 000, 15 000, 20 000,
30 000, and 34 000 rpm. For Aâ(1-40) peptide prepared
following the ADDL protocol, measurements were taken at
sample concentrations of 476 and 238µg/mL at a rotor speed
of 35 000 rpm. Samples were centrifuged for 20 h before
equilibrium absorbance measurements were taken. Molecular
masses were calculated using Beckman XLI data analysis
software.

Gel Electrophoresis.SDS-PAGE was performed using
Novex (Invitrogen) 10 to 20% Tricine gels, along with a
Novex sample, and running buffers.

Atomic Force Microscopy.Atomic force microscopy was
performed essentially as described previously (3, 23) using
a MultiMode atomic force microscope (Digital Instruments/
Veeco Metrology, Santa Barbara, CA) controlled by a
NanoScope IIIa with NanoScope Extender electronics and
Q-Control (nanoAnalytics, Mu¨nster, Germany). NanoScope
operating software version 4.31 was used to acquire the data
images, and Nanoscope offline software was used to render
the data and perform the particle and section analyses after
zero-order flattening of the image background. Thez-height
of >50 globules from several different areas on the mica
was measured. Particle analysis was performed by choosing
a threshold height equivalent to1/2 the averagez-height of
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the globules. This measures globule diameter at fwhm (full
width at half-maximum).

Primary Neurons.Primary hippocampal cultures were
prepared from in-house frozen isolated rat hippocampal cells
or commercial frozen dissociated rat hippocampal cells
(Cambrex, East Rutherford, NJ) that were thawed and plated
according to the manufacturer’s protocol in 96-well plates
(Corning Costar, Acton, MA) at a concentration of 20 000
cells per well. The cells were maintained in Gibco Neu-
robasal medium withoutL-glutamine, supplemented with B27
(Invitrogen) for a period of 2-3 weeks before being used
for binding studies.

Neuronal Binding of the High- and Low-Molecular Mass
Fractions of ADDLs.Neuronal binding of the high- and low-
mass components of a bADDL preparation was investigated
as described below by incubating cells with the high- and
low-mass peaks of a bADDL preparation that had been
isolated by SEC and adjusted to a concentration of 5µM to
match the protein concentration of the unfractionated bADDL
control. Primary hippocampal neurons (cultured for 14-21
days) were incubated with 5µM bADDLs or fractionated
bADDL components for 1 h at 37°C, and then the cells
were washed three or four times with warm culture media
[Gibco Neurobasal medium withoutL-glutamine, supple-
mented with B27 (Invitrogen)] to remove unbound peptide
or oligomers. The cells were then fixed with 4% paraform-
aldehyde diluted in PBS (Electron Microscopy Sciences, Fort
Washington, PA) for 10 min at room temperature. This
solution was then removed, and fresh fixative was added
for an additional 10 min at room temperature. The cells were
then permeabilized in 4% paraformaldehyde and 0.1% Triton
X-100 (Sigma Aldrich) for 10 min, washed six times with
PBS, and incubated for 1 h at 37°C with blocking buffer
[PBS with 10% bovine serum albumin (BSA), Sigma]. For
the detection of bADDL binding, the cells were incubated
overnight with a 1:1000 dilution of a polyclonal antiserum
raised against tau (Sigma Aldrich). The following morning,
the cells were washed three times with PBS and incubated
for 1 h atroom temperature with an Alexa 488-labeled anti-
rabbit secondary and an Alexa 594-labeled streptavidin (1:
1000 and 1:500, respectively, in PBS with 1% BSA)
(Invitrogen), washed five or six times in PBS, and then
visualized with a fluorescence microscope. Cell nuclei were
labeled with a 1:1000 dilution of DAPI (Invitrogen) follow-
ing standard protocols. To detect bound bADDLs with

monoclonal antibodies, cells were incubated overnight with
an anti-ADDL monoclonal antibody (ACU-914, Acumen
Pharmaceuticals, Inc., South San Francisco, CA), and in the
morning, the immunoreactivity was detected with an Alexa
488-labeled anti-mouse secondary antibody. Bound bADDLs
were visualized with an Alexa 594-labeled streptavidin, and
the nuclei were stained with DAPI.

RESULTS

Biophysical Characterization of Amyloid Peptide
Preparations

Solution State Analysis.A primary objective of this study
was to accurately characterize the solution state behavior of
amyloid peptide formulations and determine how these data
compared with previously reported analyses. To assess the
size distribution of ADDLs, we employed SEC (a widely
accepted method for size-based determinations), coupling it
with laser light scattering detection, which allowed for precise
determination of molecular masses. Figure 1A shows a
representative refractive index trace of an ADDL preparation,
which resolves into two distinct peaks. We marked the
column with cytochromec (Mw ) 12 500 Da) and bovine
serum albumin (Mw ) 69 000 Da), and the elution position
of these proteins is indicated above the chromatogram. When
calibrated against these markers, the ADDL-related peaks
have predicted molecular masses of 12000-15000 Da (tR
) 27 min) and 65000-80000 Da (tR ) 18 min). In contrast,
the absolute mass determination made by multiangle laser
light scattering indicates that the 27 min peak has an actual
mass of approximately 4500 Da and thus represents mono-
meric peptide, while the 18 min peak is a polydisperse
mixture of oligomers ranging in size from 150 000 Da at
the trailing edge to nearly 1 000 000 Da at the leading edge
of the peak. A very small amount of polydisperse material
ranging in size from approximately 9000 to 150 000 Da can
be detected between the two main components; however,
no definitive peaks are observed in this region.

Whole and fractionated ADDLs were also analyzed by
AU, and these data are summarized in Table 1. ADDLs
analyzed by sedimentation velocity runs at 4°C were
characterized by the presence of a high-molecular mass
component which sedimented early in the run and a low-
molecular mass component which did not sediment under
the same conditions. Time derivative analysis of the high-

FIGURE 1: (A) Refractive index trace of a standard ADDL preparation with an overlay of the actual molecular mass as calculated by
MALLS using an empirically determined dN/dC of 0.241. (B) SEC-MALLs comparison of Aâ(1-42) (black circles) and Aâ(1-40) (red
triangles) prepared using the standard ADDL preparation method.
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mass species revealed a unimodal distribution of oligomers
that ranged in size from 4 to 12 S with an average
sedimentation coefficient of 8 S, corresponding to an
estimated molecular mass of 175 000 Da. Analyses per-
formed at 20 and 30°C showed a shift toward higher average
S values, suggesting that aggregation was occurring as a
function of increasing temperature (data not shown). We were
able to achieve sedimentation of the lower-molecular mass
component at higher rotor speeds; however, due to its small
contribution to the total absorbance, it was difficult to obtain
a reliableSvalue for this species. Equilibrium analyses were
performed on ADDLs at three concentrations using multiple
rotor speeds. A portion of the material in the ADDL
preparations reached equilibrium during 10 000 and 15 000
rpm runs and yielded average masses of 120000-540000
Da. However, at higher speeds (20000-34000 rpm), very
little of the remaining material reached an equilibrium state,
suggesting that the high-mass material was completely
sedimented early in the run while the lower-mass species
remained in solution.

Since the heterogeneous nature of an ADDL preparation
rendered data interpretation and mass assignment by AU
inconclusive, we scaled up the SEC fractionation protocol
to obtain sufficient material for AU measurements to be made
on the individual high- and low-molecular mass species.
Since the stability of these fractions was tenuous, care was
taken to tightly coordinate isolation with subsequent analysis.
An additional benefit of this strategy was that formulation
medium components that resulted in high background
absorbances when analyzing whole ADDL preparations were
removed by the fractionation procedure. The total peptide
recovery through the scaled-up SEC separation was 70%,
with approximately 10 and 90% recovered in the oligomer
and monomer fractions, respectively. AU analysis of frac-
tionated ADDLs confirmed the mass distributions observed
using the MALLS data. Sedimentation velocity analysis
performed on the oligomer fraction yielded an average
sedimentation coefficient of 6.7 S with an estimated mass
of 223 000 Da. The overall distribution was broad, ranging
from approximately 3 to 11 S, again suggesting that a
polydisperse population of oligomers is present in this peak.
One significant observation from this analysis was the
absence of any nonsedimenting material atS values of<1,
which was routinely observed for unfractionated ADDLs.
Velocity analysis of the low-molecular mass component
yielded a sedimentation coefficient of 0.55 S with a corre-
sponding calculated mass of 4500 Da, supporting the
conclusion drawn from the MALLS data that this species is
primarily monomeric Aâ(1-42). For the sake of comparison,
we used the less aggregation prone Aâ(1-40) peptide as

the starting material for a standard ADDL preparation, and
Figure 1B presents the SEC-MALLS analysis of this
preparation. The profile is quite distinct from that of ADDLs
prepared from Aâ(1-42) in that there is no significant peak
observed in the region of the chromatogram associated with
soluble oligomers (tR ) 16-18 min). Instead, the major peak
(tR ) 27 min) coelutes with the monomer-associated peak
of Aâ(1-42) ADDLs. The MALLS data for this species
exhibited a high degree of variability, suggesting that Aâ-
(1-40) exists in a dynamic equilibrium of monomer and
dimer under these conditions. Sedimentation velocity analysis
of this preparation revealed a single low-mass species that
sedimented at high rotor speeds, and equilibrium conditions
yielded an average mass of 5400 Da, again slightly higher
than the predicted mass of 4330 Da for monomeric Aâ(1-
40), suggesting the existence of a monomer-dimer equilib-
rium for this peptide in solution. To address whether the
heterogeneous oligomeric component of ADDLs differed
significantly from fibrillar species, Aâ(1-42) fibrils were
prepared by published protocols and analyzed by both
methodologies. SEC-MALLS did not provide useful data
for fibrils as near-total sample loss was observed during
chromatography, suggesting that the highly aggregated
material could not enter the pores of the separation matrix.
This supposition was supported by sedimentation velocity
determinations that showed only very high-mass species with
sedimentation coefficients ranging from 40 to 60 S. The
average value of 31 S was much greater than the value of
6.7 S determined for the fractionated oligomer species,
though the corresponding calculated mass of more than
1 000 000 Da was observed as the leading edge component
of the oligomer peak in the SEC-MALLS analysis of
ADDLs.

Atomic Force Microscopy Analysis.AFM has been
demonstrated to be an effective tool for distinguishing soluble
oligomeric amyloid peptides from highly aggregated fibrils.
Consistent with earlier reports, ADDLs (Figure 2A) appear
as a field of globular structures approximately 3-5 nm in
height. In contrast, monomeric Aâ(1-42) dissolved in
DMSO from an HFIP-dried film and adsorbed directly onto
the mica chip surface yields a nondescript homogeneous field
of protein (data not shown). Figure 2B shows Aâ(1-42)
fibrils prepared by the dilute hydrochloric acid protocol. Long
strands of accumulated Aâ peptide characterize this image.
A highly magnified image of a portion of the fibril prepara-
tion is shown in Figure 2C, in which an isolated subunit
which appears to correspond to a globular oligomer is seen
next to a single fibrillar strand that appears to be composed
of nine of these subunits arranged in a helically twisted
bundle.

Table 1: Summary of AU and SEC-MALLS Data on the Molecular Masses of Various Amyloidâ Preparations

analytical ultracentrifugation

velocity equilibrium SEC-MALLS

species averageS estimatedMw (Da) estimatedMw (Da) estimatedMw (Da)

Aâ(1-42) ADDLs 8.0 175000 120000-540000 NAa

Aâ(1-40) ADDLs ND ND 5400 3500-12000
SEC high-molecular mass peak 6.7 223000 ND 150000-1000000
SEC low-molecular mass peak 0.55 4500 ND 4500
Aâ(1-42) fibrils 31 >1000000 ND ND

a Not applicable because SEC separates Aâ(1-42) ADDLs into two distinct peaks.
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Having confirmed that AFM could effectively distinguish
the three major peptide structural forms, we next used it to
analyze the SEC-fractionated ADDL peaks. As shown in
Figure 3, globular structures were observed in both the
oligomeric and monomeric fractions. The monomer fraction
(Figure 3A) consisted primarily of small globules 2.5 nm in
diameter [standard deviation (SD)) 0.9; n ) 230] and 1.3
nm in height (SD) 0.28; n ) 54), with little variation in
size. A few short fibril-like structures were observed in scans
of larger areas, but these were observed relatively infre-
quently. In contrast, the oligomer fraction (Figure 3B)
consisted of much larger globules with an average diameter
of 7.8 nm (SD) 3.0;n ) 170) and 4.5 nm in height (SD)
1.8; n ) 125). The oligomer-associated structures appeared
to contain subpopulations of at least two different size classes
with average diameters of 6.1 and 10.3 nm. The 10.3 nm
size class was observed with a frequency of approximately
15% of that of the total high-mass globule population. The
amyloid globules observed in the monomer fraction were
on average 3 times smaller in diameter than globules
observed in the high-mass fraction.

No Correlation between Results of SDS-PAGE Analyses
and Solution-Based Determinations of ADDL Structure

Denaturing polyacrylamide gel electrophoresis (SDS-
PAGE) has been widely used in the literature as a means of
characterizing ADDL preparations. We employed this tech-
nique to determine how well the results from these analytical

methods correlated with the solution state characterizations
described above. In Figure 4A, freshly prepared monomeric
Aâ(1-42), ADDLs, and fibrils were electrophoresed under
denaturing conditions on a Tricine-SDS gel and stained with
SYPRO-Ruby. The most striking observation is that all three
preparations (ADDLs, monomer, and fibrils) yield virtually
identical electrophoretic profiles. The major species identified
on the basis of calibration with known molecular mass
standards are monomer, trimer, and tetramer, which are
clearly visible in all samples. The only apparent difference
among the preparations is the appearance of a diffuse high-
molecular mass staining associated with the fibril preparation.
We performed several additional experiments to try to
determine the basis for the discrepancy between SDS-PAGE
and SEC-MALLS-AU characterization of ADDLs. One
obvious area to consider was the effect of the denaturant on
the gel profiles. To address this, samples of an ADDL
preparation were diluted to final concentrations of 50, 25,
and 5µM in either F12, 0.05% SDS in water, or 4.0% SDS
in water and incubated at room temperature for 1 h. Each
sample was then mixed with an equal volume of 2× buffer
(containing 8% SDS), immediately loaded onto the gel, and
electrophoresed. The results are shown in Figure 4B. All
three bands were observed in each sample; however, the
distribution of mass in these bands appeared to change
depending upon the buffer used during the room-temperature
incubation step. ADDLs diluted in F12 medium yield a
profile in which similar amounts of peptide are distributed

FIGURE 2: Atomic force microscopy was performed on standard preparations of ADDLs (A) and fibrils (B). Panel C is a highly magnified
image of a portion of the fibril preparation in which an ADDL subunit is seen next to a structure that appears to be composed of nine of
these subunits arranged in a helically twisted bundle. Samples were imaged in air using tapping mode AFM following application of the
samples to mica followed by washing and drying.

FIGURE 3: AFM images of SEC-fractionated low-mass (Figure 4A) and high-mass (Figure 4B) species isolated from an ADDL preparation
by SEC.
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among the three bands, while ADDLs incubated in 0.05%
SDS, a concentration below the critical micelle concentration
(CMC) of 0.2% for this detergent, yield a distribution which
appears to favor formation of tetramer. In addition, incubation
of ADDLs with 0.05% SDS results in the appearance of
higher-molecular mass SDS-resistant oligomers (Figure 4C).
These oligomers consistently appeared in multiple prepara-
tions of ADDLs incubated in the presence of 0.05% SDS.
Interestingly, when ADDLs were incubated in the presence
of 2% SDS, a concentration at which SDS micelles are
expected to be present, the distribution of oligomers sug-
gested that monomer and trimer were the favored species,
and the higher-order oligomers present in the 0.05% SDS
sample were not seen. To determine if SDS exerted an
influence on ADDLs in solution, they were preincubated with
either 0.1 or 1% SDS and analyzed by SEC in the presence
of 0.1 or 1% SDS. Interestingly, in both cases, only a single
peak was observed which comigrated with the oligomeric
component of non-detergent-treated ADDLs (data not shown).

Unfortunately, the presence of SDS prohibited assignment
of molecular mass from the MALLS data; however, the
colocalization at both SDS concentrations suggests that SDS
either effected conversion of monomer to oligomer or
associated with monomer in mixed micelles.

Neuronal Binding Is Limited to the High-Molecular Mass
Species of an ADDL Preparation

Previously published reports have described the ability of
ADDLs to bind to neurons. We sought to determine if both
oligomeric and monomeric forms of Aâ(1-42) contained
within these heterogeneous preparations contributed to this
binding. To accomplish this, we incubated samples of whole
and SEC-fractionated bADDLs (5µM total peptide) with
cultured and primary rat hippocampal neurons. Figure 5
shows the results of this analysis. The neuronal nuclei and
cell bodies were visualized by differential staining with 4′,6-
diamidino-2-phenylindole (DAPI) or a fluorescently labeled
monoclonal to total tau protein. Figure 5C shows that

FIGURE 4: (A) Monomeric Aâ(1-42) (5, 2.5, and 1.25 ng in lanes 1-3, respectively), ADDLs (5, 2.5, and 1.25 ng in lanes 4-6, respectively),
and fibrils (5, 2.5, and 1.25 ng in lanes 7-9, respectively) were analyzed by SDS-PAGE. The gel was then fixed and stained overnight
with SYPRO-Ruby, washed, and imaged with a Typhoon laser imager. (B) A standard ADDL preparation was diluted to 50, 25, and 5µM
in F12 medium (lanes 1-3), 0.05% SDS in water (lanes 4-6), and 2% SDS in water (lanes 7-9) and incubated for 1 h atroom temperature.
An equal volume of 2× sample buffer was added to all samples, which were immediately loaded (20µL per lane) and electrophoresed. (C)
Deliberate overexposure of lanes 4-6 in panel B showing the presence of additional higher-molecular mass oligomers not found under the
other conditions used in this study.

FIGURE 5: Panel C shows the punctate binding of unfractionated bADDLs to the long axonal processes of neurons. SEC-purified high-mass
oligomers (A) exhibit a binding pattern very similar to that of unfractionated bADDLs. In contrast, SEC-purified Aâ(1-42) monomer (B)
and monomeric Aâ(1-40) (D) exhibit an almost complete absence of staining.
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unfractionated bADDLs bind in a punctate manner to the
neurons, with the bulk of the biotin reporter detected along
the long axonal processes. On average, approximately 30-
40% of the total cells within a primary culture are stained.
It is of note that all staining appears to be external, and no
evidence of internalization of bADDLs is detected under
these conditions. A dramatic difference is observed in the
binding ability of the SEC fractionated high- and low-mass
pools. The high-mass oligomers (Figure 5A) exhibit a pattern
very similar to that of unfractionated bADDLs with signifi-
cant bound biotin detected throughout the field of cells. In
contrast, the monomeric Aâ(1-42) fraction exhibits an
almost complete absence of staining (Figure 5B). To confirm
whether this lack of binding was specific to the Aâ(1-42)
peptide or whether it reflected a general inability of monomer
to bind, we repeated the experiment using a monomeric
preparation of Aâ(1-40), and the result is shown in Figure
5D. Although some spurious fluorescence is detected, the
staining is inconsistent with the punctate, regularly stained
pattern observed for the oligomer-containing fractions.

DISCUSSION

The amyloid cascade hypothesis proposed in 1992 by
Hardy and Higgins (2) defined a promising new area for
research into the treatment and prevention of Alzheimer’s
disease. More recent findings, particularly those derived from
transgenic animal models in which the onset of cognitive
deficiencies precedes the deposition of plaque and neu-
rofibrillary tangles, has necessitated a revisitation of the
hypothesis and focused new interest on the role played by
ADDLs in the early neurodegeneration experienced by AD
patients (25, 26). The majority of characterization and
functional studies have been carried out using synthetic
peptide since it is readily available in a highly purified form.
While synthetic ADDLs have demonstrated neurotoxicity and
specific neuronal binding, it is important to realize that the
formulation conditions utilized are dramatically different
from those encountered in vivo, particularly with respect to
the relatively high peptide concentrations used for oligomer
formation. Therefore, it is critically important to accurately
characterize and understand the nature of ADDLs with
respect to what types of species constitute the whole, which
are important for mediating biological effects, and the nature
of their behavior in solution.

In the current report, we utilized SEC-MALLS and AU
to provide an accurate representation of the solution structure
of ADDLs. We recognized these techniques as being
appropriate for preserving the labile nature of the oligomers
while minimizing perturbations to the system caused by the
analytical methodology that was used. SEC fractionation of
ADDLs and Aâ(1-40) oligomers has been previously
described (6, 27). Molecular mass estimates for these peaks
based on the use of calibration standards indicated that the
early-eluting fraction was in the 75 000 Da range, while the
retained fraction was approximately 13 000 Da. We con-
firmed that the chromatographic separation was reproducible,
yielding two well-resolved peaks. However, we recognized
that this type of calibration assumes that standards and
analyte are structurally similar (i.e., globular, extended rods,
spherical) and that differences in molecular shape can have
significant effects on migration times. Another potential issue
with retention time comparisons is the possibility of non-

specific interaction of the soluble analyte with the solid
phase. Under ideal SEC conditions, migration through the
column is based on hydrodynamic volume alone. However,
hydrophobic proteins and peptides have a tendency to interact
with the column matrix, resulting in nonideal elution of
analytes from the column. This can be particularly pro-
nounced for Superdex-type resins (28). MALLS provided a
means for absolute mass determination independent of
column-induced migration artifacts. The coupling of SEC
and MALLS was critical since conventional dynamic light
scattering would have yielded an average population distri-
bution skewed to the high-mass end as a result of the low
percentage of very high-mass oligomers (more than 1 000 000
Da) which were identified. A critical observation resulting
from this study was identification of the retained species as
monomer. The previous assignment of mass suggested that
this peak represented tetramer, which was interpreted as a
confirmation of gel-based analyses. Furthermore, previous
identification of the oligomer species as one comigrating with
bovine serum albumin (mass∼ 68 000 Da) predicted a 12-
mer multimer, again corresponding to bands sometimes
observed via SDS-PAGE (29). The MALLS data defini-
tively show that the high-mass component is actually much
larger and more polydisperse, constituting a population
ranging from approximately 150 000 to more than 1 000 000
Da.

While we felt confident that SEC was a reliable means
for assessing the solution state structure of ADDLs, we were
still concerned that there was the potential for misinterpreta-
tion due to interactions with the column. Therefore, we
sought to confirm these results by AU, a technique in which
there was no intervening matrix for nonspecific interaction
or perturbation of the oligomers. The heterogeneity of
unfractionated ADDLs was qualitatively confirmed by AU,
although this complexity prevented accurate mass determi-
nation even on an average population basis. Nevertheless,
we were able to discern the presence of a very low-mass
component on the basis of its lack of sedimentation under
equilibrium conditions. On the opposite end of the spectrum,
the very high-mass nature of fibrils was clearly observable
in their rapid sedimentation behavior. It is important to point
out that the sedimentation coefficients of fibrils were clearly
higher than those of the high-mass components of ADDLs.
This suggests that while a continuum consistent with the
amyloid cascade hypothesis may exist, the physiological
behavior of ADDLs is not the result of small amounts of
nascent fibrils. The true correlation between SEC and AU
determinations was realized upon analysis of the fractionated
species. The low-mass component was unambiguously shown
to consist exclusively of monomeric peptide, while estimation
of the average mass of the oligomer component showed
excellent agreement between methods.

Our findings address another important consideration for
interpretation of studies utilizing ADDLs, and that is the
demonstration that the system exists in a dynamic equilib-
rium. Both SEC and AU definitively showed that multiple
parameters such as peptide concentration, formulation tem-
perature, storage time, buffer choice, and excipient addition
could dramatically affect the distribution of peptide within
the continuum. The most relevant of these findings is that
an ADDL preparation is not composed exclusively of a
defined oligomeric population, as had been suggested by the
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aforementioned calibration-derived masses of fractionated
components. In fact, greater than 50% of the mass can be
ascribed to monomer depending on the formulation condi-
tions that are used. This is critically important in interpreta-
tion of toxicity and binding studies. Our results further
confirmed the differential aggregation propensities for Aâ-
(1-42) and Aâ(1-40). While ADDLs exhibited only a
quasi-stability, which was limited even at 2-8 °C storage,
the 40-mer remained largely monomeric even when prepared
under conditions identical to those used for ADDL formula-
tion. Both SEC and AU identified a monomer-dimer
equilibrium for Aâ(1-40), but its overall stability was more
pronounced than that for Aâ(1-42).

Atomic force microscopy and gel electrophoresis have
been widely used to characterize amyloid peptide species,
but our findings indicate the need for careful interpretation
of these results in light of the solution-based analyses. AFM
has proven useful because it can provide a high-resolution
image at the molecular level revealing detailed images of
protein structures. The technique is most informative for
assemblies of regular repeating units such as oligomers,
fibrils, and viruses and was the primary analytical method
reported for the identification of ADDLs. Lambert et al. (3)
identified small globular oligomeric structures by studying
synthetic Aâ(1-42) incubated with clusterin. These same
structures were observed in the absence of clusterin utilizing
the HFIP/F12 formulation subsequently described (6). In
AFM, samples are allowed to bind to the surface of a
molecularly flat substrate for subsequent imaging. Muscovite
mica and highly ordered pyrolytic graphite (HOPG) are two
common substrates, and both have been employed for the
study of Aâ peptides (6, 30-32), although mica has been
used most often for ADDL analysis. Interestingly, studies
using HOPG have led to the identification of significantly
different structures (33, 34). Aâ(1-42) adsorbed to mica
exhibits globular structures (33), similar to those reported
for ADDLs (6) and described in this work. In contrast, when
HOPG is used, the peptide forms thin sheets ofâ structure
(33, 34), which suggests that the substrate itself can alter
the structure of the samples undergoing analysis. The
mechanism(s) responsible for the binding of proteins to
substrates has not been fully defined; however, electrostatic
and van der Waals forces are thought to be important for
binding to mica, while hydrophobic interaction has been
proposed as the major mechanism involved in binding to
HOPG (35). If charge interaction is important for adsorption
of ADDLs onto mica, then binding would be expected to
depend upon a number of factors such as isoelectric point,
the pH and ionic strength of sample buffer, and the nature
of any excipients present. Previous AFM studies of ADDLs
have not presented data to suggest that all of these factors
had been taken into consideration (6). For this reason, and
because all species in a mixture may not be equally adsorbed
to the imaging surface (36), extrapolation of the character-
istics of mica-bound species to the composite nature of
peptide in solution should be done with caution. Given these
caveats, we felt it was necessary to directly compare AFM
data both to previously reported results and to our solution-
based analytical methodologies. Our AFM analyses of fibril,
monomer, and intact ADDL preparations show the same
characteristic profiles described in previous publications (6).
Small globular structures 7.8 nm in diameter and 4.5 nm in

height appear to be the only species in an ADDL preparation
that bind to the mica. Previous studies have suggested that
these oligomers have a predicted mass based on diameter of
approximately 60 000 Da. However, with AU and SEC, we
saw no evidence of this particular structure predominating
in solution, suggesting that they either represent a preferen-
tially bound minor solution component or are induced by
binding of peptide to the mica surface. The latter explanation
seemed less likely given that Aâ(1-40) monomer did not
form globules, but this peptide also exhibits a much weaker
propensity to self-associate than the 42-mer.

To further address this question, we performed AFM
imaging of the SEC-fractionated ADDL components. We
observed a highly populated field of globular structures in
the oligomer fraction which closely resembled that of an
unfractionated ADDL preparation. The lack of a significant
amount of larger AFM structures, which would correlate with
the masses observed by MALLS and AU in both unfrac-
tionated ADDLs and the isolated oligomeric fraction, may
reflect an instability of these species to the preparation
method. It is less likely that they represent a preferentially
adsorbed component due to the relative homogeneity of their
profile and the fact that they constitute a negligible portion
of the total solution species. Somewhat surprisingly, imaging
of the monomeric component also revealed the presence of
spherical assemblies, although these were, on average, 3-fold
smaller than those seen in the oligomer and unfractionated
ADDL samples. These data suggest that structure might be
induced by binding of monomeric Aâ(1-42) to surfaces.
As noted above, this may be preferentially exhibited by the
42-mer given its stronger propensity to aggregate. Indeed,
our SEC stability studies clearly indicated that the propensity
to self-associate was considerably greater for Aâ(1-42).
However, given our observation that the ADDL preparation
contains a significant amount of monomer, it is unclear why
these smaller structures are not detected by AFM of
unfractionated ADDLs. It may be that in a mixed population
of oligomer and monomer, re-equilibration combined with
differential binding abilities results in the median-sized
globules characteristic of the ADDL preparation.

The solution-based and AFM determinations reported here
clearly contrast with results generated by polyacrylamide gel
electrophoresis utilizing both denaturing and native condi-
tions, another technique that has been reported extensively
in the literature for the characterization of amyloid oligomers,
although the value of this technique for characterization of
Aâ oligomers has recently been called into question (37).
SDS-PAGE is a reductive technique and as such cannot
provide an accurate reflection of the solution state of
noncovalently associated Aâ oligomers. Despite this fact, a
fair amount of emphasis has been placed on the lowest-order
oligomers observed with this analytical method, and their
identification as “building blocks” for higher-order structures.
Our current work demonstrates that when monomers, AD-
DLs, or fibrils are examined on the same gel, all three
preparations produce essentially the same banding pattern
of monomer, trimer, and tetramer, consistent with multiple
published reports. However, solution-based analyses indicate
that while a significant portion of an ADDL preparation
consists of monomeric peptide, no other lower-order species
at the mass values expected for trimer or tetramer are
observed, except for a very minor absorbance component
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above baseline. The same can be said for fibril preparations,
although in this case the SEC data were not informative since
the majority of the material in solution is too large to enter
the column. The results of SDS-PAGE, SEC-MALLS, and
AU correlate best for monomeric Aâ(1-40) which exhibited
monomer, dimer, and tetramer bands by gel and evidence
of a monomer-dimer equilibrium by SEC and AU, although
tetramer was not observed in solution. We evaluated the
native PAGE to determine if this method could provide a
more appropriate representation of the solution state distribu-
tion of peptide forms. The major difficulty with this approach
was the lack of suitable calibration standards for calculation
of molecular masses. Unlike SDS-PAGE, the migration of
proteins under native conditions heavily depends upon the
charge, size, and shape of the analyte, and it is difficult to
predict which calibration proteins would be appropriate
models for analysis of ADDLs. In our hands, ADDLs
exhibited two distinct species which migrated with apparent
molecular masses of 32 000 and 36000-50000 Da. Incuba-
tion of ADDLs at 37°C resulted in complete replacement
of these bands with a more slowly migrating diffusely stained
species. While reliable mass estimates could not be obtained,
the behavior was consistent with the time- and temperature-
dependent conversion of ADDLs to higher-order species that
were observed by SEC and AU. Tellingly, when analyzed
by SDS-PAGE, these same samples produced an identical
banding pattern of monomer, trimer, and tetramer. In an
attempt to circumvent some of the uncertainties associated
with gel analyses, photoinduced chemical cross-linking has
been described as a means of trapping low-mass oligomers
in a denaturation-resistant state (38). In these studies,
intermediate-order multimers ranging from monomer through
12-mers were the most commonly identified species, with
differential banding patterns observed for Aâ(1-42) and Aâ-
(1-40) preparations. However, the observed masses of these
multimers are still inconsistent with solution-based analyses
which estimate an average mass of approximately 250 000
Da for the oligomer population.

More importantly, our experiments examining the effect
of SDS on band migration patterns strongly suggest that low-
order bands such as trimer and tetramer are in fact induced
by the detergent. These observations are not inconsistent with
the expected behavior of an amphipathic self-associating
peptide such as Aâ, and the ability to form mixed micelles
with an anionic detergent such as SDS is in agreement with
previously described interactions of amyloid peptides with
gangliosides (39-44). Our SEC results provide an indepen-
dent confirmation of the ability of a detergent to induce
structure since addition of either 0.1 or 1% SDS to an ADDL
preparation completely converted the residual monomeric
peptide to oligomer. Interestingly, incubation of Aâ with SDS
at a concentration above its CMC was recently reported to
be a useful preparative technique for an oligomeric species
termed a “globulomer” (45). This preparation was unique
in the monodisperse nature of the product and its stability
over time. Mechanistically, the formation of mixed micelles
of peptide and SDS serving as the basis for further organiza-
tion into higher-order structures is understandable. However,
the current results describing formation of apparently sta-
bilized multimers upon dilution of ADDLs in SDS at sub-
CMC concentrations are novel. Whatever the nature of these
interactions, there clearly exists a discrepancy between gel-

based and solution-based analyses. These findings have
important implications for studies beyond those utilizing
synthetic peptides since several recent reports describing
extraction of “natural amyloid oligomers” from the brains
of transgenic animals overexpressing Aâ have relied on
SDS-PAGE for identification of conserved 12-mer com-
plexes. In most cases, the rather harsh extraction conditions
incorporated use of a solubilizing detergent (11, 29).

The use of biotinylated Aâ for cell binding studies
represented an improvement over antibody-based detection
in that it allowed direct visualization of bound species and
precluded the possibility of nonspecific antibody binding.
Our biophysical studies confirmed that biotinylated Aâ(1-
42) bADDLs were indistinguishable from ADDLs made
using unmodified peptide, while colocalization analyses
demonstrated that the two formulations bound the same
neuronal targets. Both ADDLs and bADDLs exhibited
distinct punctate staining patterns, showing a clear preference
for neuronal processes instead of cell bodies. Whether this
is indicative of the existence of a specific ADDL receptor is
not known. The absolute dependence of the binding interac-
tion on the oligomeric nature of the peptide is clearly
demonstrated by the fractionation studies in which the
monomeric bADDL component exhibited a complete lack
of binding, an observation confirmed using Aâ(1-40)
monomer. While similar results have been previously
described (4, 46), our data show for the first time that it is
monomer and not low-mass oligomers which fails to interact
with neurons. While we did not observe killing of these
cultured cells, the findings strongly indicate that the only
active components of ADDL preparations in MTT-based
PC12 toxicity assays are oligomers (4). This observation may
also provide an explanation for why some agents that prevent
oligomerization of the Aâ peptide also prevent Aâ-induced
neurotoxicity (47-49).

In conclusion, we believe that the current study represents
an important advancement in the understanding of ADDL
solution dynamics. The established picture of ADDLs as an
assemblage of low-order Aâ multimers is inaccurate, with
the true population constituting a heterogeneous oligomeric
component along with a significant amount of residual
monomer. Interconversion of forms is possible, and progres-
sion to increasingly higher-order structures is influenced by
multiple factors. This dynamic behavior must be considered
when interpreting the biological effector functions mediated
by ADDLs, and particularly with regard to the design of
critical assays. We have definitively shown that the interac-
tion of ADDLs with primary hippocampal neurons is
mediated exclusively by the oligomeric component of the
preparation. Finally, our study points to the caution that must
be exercised when attempting to extend the results of non-
solution-based methods of analysis to the solution state
behavior of proteins and peptides.
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