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A common motif associated with many neurodegenerative
diseases is the formation of extended, β-sheet rich, protei-

naceous fibrillar aggregates that are commonly referred to as
amyloids.1 Neuritic amyloid plaques composed predominately of
the β-amyloid peptide (Aβ), a cleavage product of the amyloid
precursor protein (APP), are a neuropathological hallmark of
Alzheimer’s disease. The process of fibril formation is complex,
with several metastable intermediate aggregates associated with
the fibrillization pathway.2 Such intermediate species include
globular oligomers, protofibrils, and annular aggregates. The
elusive toxic species along the aggregation pathway, whether
monomeric or higher-order, may subsequently initiate a cascade
of pathogenic protein�protein interactions that culminate in
neuronal dysfunction. The precise timing of such interactions
and the mechanisms by which altered protein conformations or
aggregates trigger neuronal dysfunction are unclear.

An interesting observation commonly associated with the
aggregation of many amyloid forming peptides is their ability to
form a variety of morphologically distinct and stable fibril struc-
tures, commonly referred to as polymorphs.3 The ability of Aβ to
form distinct polymorphic fibril structures is well-known and
highly dependent on the chemical environment of the peptide
during the aggregation process.4�6 Aggregation conditions that
lead to these distinct polymorphic fibrils can modulate toxicity
associated with Aβ. For example, subtle alterations in fibril growth
conditions results in two structurally distinct polymorphic fibrils of

Aβ(1�40) with significantly different levels of toxicity to neuronal
cell cultures.7 Further studies have indentified other fibrillar
polymorphs of Aβ extracted from AD patient brains that had
the ability to seed further aggregation.8 More recent studies
demonstrated variations in Aβ(1�40) sample preparation result
in at least five structurally distinct fibrillar aggregates in vitro.6

While chemical preparation and seeding are factors associated
with the formation of polymorphic aggregates of Aβ, surface
induced conformational changes may also play a critical role.
This is demonstrated by studies of Aβ aggregation using in situ
tapping mode atomic force microscopy (AFM) in physiological
buffer solutions. Small, highlymobile, globular aggregates of both
Aβ(1�40)9 and Aβ(1�42)10 were observed onmica. With time,
they organized into elongated prefibrillar aggregates that con-
tinued to grow in length. Aggregation of Aβ(1�42) on a graphite
surface resulted in distinct polymorphic aggregate structures
compared to those formed on mica.10 Such results indicate that
surface interactions influence Aβ self-assembly. As Aβ in a
physiological or cellular environment is exposed to a variety of
surfaces (lipid membranes, for example), the ability of surface
interactions to dictate aggregate structure may play a role in the
formation of potentially toxic aggregates associated with AD.
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ABSTRACT: A pathological hallmark of Alzheimer’s disease
(AD), a late onset neurodegenerative disease, is the development
of neuritic amyloid plaques, composed predominantly of aggre-
gates of the β-amyloid (Aβ) peptide. It has been demonstrated that
Aβ can aggregate into a variety of polymorphic aggregate structures
under different chemical environments, and a potentially important
environmental factor in dictating aggregate structure is the pres-
ence of surfaces. There are also several mutations clustered around
the central hydrophobic core of Aβ (E22G Arctic mutation, E22K
Italian mutation, D23N Iowa mutation, and A21G Flemish mutation). These mutations are associated with hereditary diseases
ranging from almost pure cerebral amyloid angiopathy (CAA) to typical Alzheimer’s disease pathology. The goal of this study was to
determine how thesemutations influence themorphology of Aβ aggregates under free solution conditions and at an anionic surface/
liquid interface. While the rate of formation of specific aggregates was altered by mutations in Aβ under free solution conditions, the
respective aggregate morphologies were similar. However, aggregation occurring directly on a negatively charged mica surface
resulted in distinct aggregate morphologies formed by different mutant forms of Aβ. These studies provide insight into the potential
role anionic surfaces play in dictating the formation of Aβ polymorphic aggregate structures.
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There are several point mutations in APP that are associated
with a variety of familial forms of Alzheimer’s disease.11 Several of
these point mutations (E22G Arctic mutation, E22K Italian
mutation, D23N Iowa mutation, and A21G Flemish mutation)
(Figure 1) are clustered around the central hydrophobic core of
the Aβ fragment at positions 21�23. Excluding the Flemish
mutation, these missense mutations are not associated with
increased Aβ secretion12�17 and have a greater propensity of
the peptide to aggregate into protofibrils and/or fibrils than Aβ
Wild Type (WT).14,18�21 The Arctic, Italian, and Iowamutations
of Aβ(1�40) are reported to be more toxic to neuroblastoma
cells in vitro.11,15,22�26

The altered charge of mutant Aβ peptides can influence their
interactions with surfaces, resulting in altered aggregation pro-
cess both kinetically and morphologically. Such changes would
potentially impact the deposition, proteolytic susceptibility,
clearance rates, and cellular toxicity of Aβ. Here, we seek to
determine how point mutations in the central region of Aβ
altered the aggregation process at an anionic surface/liquid
interface. For these studies, we compared the aggregation of
Wild Type Aβ(1�40) with Aβ(1�40) containing the E22G
Arctic, E22K Italian, D23N Iowa, or A21G Flemish mutations.
Because traditional light and electron microscopic approaches
have important limitations for studying heterogeneous mixtures
of Aβ aggregates, we used atomic force microscopy (AFM) to
characterize the morphology of the assembly states of the
different Aβ peptides. AFM is uniquely well suited to study
amyloidogenic proteins, as it is capable of obtaining three-
dimensional surface maps with nanometer spatial resolution in
solution in the absence of artifacts from sample processing. Our
aim was to determine the role point mutations play in determin-
ing aggregate morphology, kinetics of formation, and interac-
tions with an anionic surface.

’RESULTS AND DISCUSSION

Point Mutations in the Central Region of Aβ Result in
Variable Rates of Aggregation. To determine how point
mutations in the central region of Aβ alter aggregation under
free solution conditions (without the presence of a surface), we
prepared separate incubations of Wild Type, Italian, Arctic,
Flemish, and Iowa Aβ at 20 μM. After dilution into phosphate-
buffered saline (PBS), these solutions were incubated at 37 �C
and sampled for ex situ AFM analysis at 1, 3, 5, 8, and 24 h
(Figure 2). To quantify the relationship between oligomer,
protofibril, and fibril formation, the number of each respective
aggregate type per square micrometer was determined by use of
automated image analysis software (Figure 3). For this analysis,
aggregate types were defined strictly by morphological features
(Supporting Information Figure 1). Oligomers were defined as
aggregates that were at least 1 nm in height and had an aspect

ratio (longest distance across to shortest distance across) of less
than 2.5, which indicated a predominantly round, globular
structure. Protofibrils and fibrils were defined as aggregates with
heights larger than 1 nm and an aspect ratio greater than 2.5.
These elongated aggregates were further separated by a height
filter. Protofibrils were defined as being 1�4 nm in height,
whereas fibrils were larger than 4 nm in height anywhere along
their contour. The characteristic morphological features asso-
ciated with these distinct aggregate types were justified by
measurements performed on representative aggregates in
images. When fibrils grew long enough to intertwine and be
detected as a single aggregate, the number of fibrils bundled
together was estimated visually by counting. The incubations
were performed in triplicate. Five 25 μm2 images of different
areas of the mica substrate were taken and analyzed at each time
point for every replicate (a total of 15 images per data point in
Figure 3). It should be noted that, at some time points, annular
aggregates were observed (Supporting Information Figure 2).
There were two types of annular aggregates: larger rings with
inner diameter greater than 100 nm and smaller rings with inner
diameter smaller than 25 nm. The larger annular aggregates
possessed heights similar to those of fibrils; meanwhile, the
smaller annular aggregates were similar to protofibrils in height.
However, as these annular aggregates were rare, they were not
included in further analysis.
Oligomeric structures were observed for all forms of Aβwithin

1 h. The appearance of protofibrillar and fibrillar aggregates
depended on the specific form of Aβ, with these structures
appearing after different incubation times. Images (Figure 2) and
quantification of distinct aggregate types per unit area (Figure 3)
demonstrated that aggregation results in a heterogeneous mix-
ture of aggregate forms (under free solution conditions at any
given time), which is influenced by the presence of disease-
related point mutations in Aβ. The number of oligomers per unit
area in Wild Type incubations gradually increased, reaching a
maximum population at the 5 h time point. After this initial
increase, the population of Wild Type oligomers decreased as
protofibrils (8 h) and fibrils (24 h) appeared. There was also a
subpopulation of larger oligomer (that is, globular) species
observed throughout the Wild Type Aβ aggregation experiment.
Due to their “bumpy” morphology, these larger oligomers were
most likely accumulations of smaller globular aggregates. Fibrils
of Wild Type Aβ at the 24 h time point were typically a few
hundred nanometers to a micrometer in length. The same
aggregation pattern emerged for the Italian form of Aβ. However,
the maximum population of oligomers occurred at an earlier
time-point (3 h) that corresponded with the appearance of
protofibrils at 3 h. Fibrils of Italian Aβ also appeared (5 h) more
quickly in comparison to Wild Type, which is compatible with
previous reports indicating that Italian Aβ aggregates with faster
kinetics.27 Despite appearing at a much earlier time point, fibrils
of Italian Aβ observed after 24 h of incubation were similar in
length to those observed by Wild Type at the same time point.
The population of oligomers peaked at the 1 h time point for
incubations of Arctic Aβ. Protofibrils and fibrils appeared after 3
h of incubation for Arctic Aβ, with protofibrils being the more
abundant of the two aggregate forms. With time, the number of
protofibrils of Arctic Aβ decreased as the fibril population grew.
Arctic Aβ demonstrated the most prolific fibril formation,
eventually resulting in fibrils that extended over several micro-
meters in length and formed intertangled meshes or bundles of
fibrils. While the initial reports on the aggregation kinetics of

Figure 1. Experimental systems. Schematic representation of the Aβ
peptide with point mutations used in this study and occurring between
the 21�23 amino acid sequence of Aβ(1�40) indicated. These muta-
tions include Arctic, Italian, Iowa, and Flemish.
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Arctic Aβ indicated that the mutation increases protofibril
formation but not fibril formation,14 subsequent reports are
more consistent with our observations that the Arctic mutation
increased the rate of fibril formation.24,28�30 A potential source
for this discrepancy is the well documented observations that
preparatory conditions have an impact on the types of aggregates
formed by Aβ31 and can lead to distinct polymorphic aggregates.6

The Iowa mutation resulted in a steady population of oligomers,
in comparison to the other Aβ forms. Similar to Wild Type, a
subpopulation of larger oligomers (globular morphology) also

formed in incubations of Iowa Aβ. Protofibrils appeared after 3 h
of incubation for Iowa Aβ, which was faster compared to Wild
Type but similar to Italian and Arctic Aβ. Despite the early
appearance of protofibrils, fibrils of Iowa Aβ were not observed
until 24 h of incubation, yet these fibrils were very long, extending
several micrometers in length. Flemish Aβ formed oligomers
with a peak population appearing after 3 h of incubation, but
unlike the other forms of Aβ this peak did not correspond with
the appearance of protofibrils (appeared at 8 h) or fibrils (were
not observed during the 24 h incubation). A subpopulation of

Figure 2. Point mutations in Aβ alter the temporal appearance of distinct aggregate forms. AFM images demonstrate the aggregation of Wild Type,
Arctic, Italian, Iowa, or Flemish Aβ(1�40). Incubations with protein concentration of 20 μMwere imaged at different time points after the dilution of
DMSO stocks into PBS buffer. Examples of oligomers, the larger subpopulation oligomers, protofibrils, and fibrils are indicated by black, magenta, blue,
and green arrows, respectively. At 1 h, Wild Type and mutant Aβ peptides all formed predominately oligomeric aggregates. However, heterogeneous
mixtures of aggregate types appeared at later times for all incubations.
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larger oligomers comprising Flemish Aβ, similar to that observed
for Wild Type, was observed. Overall, our observations are
consistent with reports that the Flemish mutant reduces the rate
of Aβ aggregation and fibril formation.21,27,32

Aggregation of Wild Type or Mutant Forms of Aβ Results
in Similar Aggregate Morphologies under Free Solution
Conditions. While we had automatically quantified the popula-
tions of aggregate forms based onmorphological criteria, we next
wanted to determine if, once formed, there were more subtle
morphological differences within these aggregate categories as a
function of these specific point mutations in Aβ. Representative
AFM images and size analysis of oligomers are presented in
Figure 4. The morphological dimension chosen for this compar-
ison was aggregate height because this measurement contains the
least amount of distortion associated with the finite size and
shape of the AFM probe tip. Due to the large numbers of
oligomers observed at each time point, we were able to construct
height histograms of all aggregates that met the morphological
requirements to be considered oligomers as a function of time.
While themajority of oligomers formed fromWild Type Aβwere
∼4�6 nm tall at all time points, after 5 h a second, larger
subpopulation of oligomers appeared, as evidenced by a shoulder
or secondary peak in the height histograms. While larger
oligomers were observed for the other mutant forms of Aβ, only
with the Flemish and Iowa mutation did the population of these
larger oligomers become high enough to result in a distinct
second peak in the histograms. Themajority of oligomers formed

by Italian Aβ were slightly smaller compared to Wild Type. The
Italian Aβ oligomers were predominately 2�4 nm tall at 1, 3, and
5 h; however, Italian Aβ oligomers were significantly smaller
(∼1�2 nm) after 8 and 24 h of incubation. Oligomers formed
from Arctic Aβ gradually transitioned to larger aggregate forms
based on height before becoming smaller at later time points
(2�3 nm at 1 h; 2�4 nm at 3 h; 3�4 nm at 5 h; 2�4 nm at 8 h;
and 1�2 nm at 24 h). Iowa Aβ formed oligomers that were
consistently 1�3 nm in height; however, at the 24 h time point,
the size of the oligomers shifted to 3�5 nm. At all time points
except 3 h, oligomers of Flemish Aβ were predominately smaller
than 2 nm; however, there was the previously mentioned
subpopulation of larger oligomeric aggregates.
We next compared the morphologies of elongated aggregate

structures, that is, protofibrils and fibrils, formed by Wild
Type and mutant forms of Aβ (Figure 5). As there were much
fewer observed elongated aggregates and the height along the
contour of these aggregates was quite variable, we chose to
present representative height profiles across these aggregates
(Figure 5A). Our morphological criteria used for defining pro-
tofibrils was aggregates of 1�4 nm in height with an elongated
aspect ratio; however, most (>90% for all Aβ forms) of the
observed protofibrils were 1.5�2.5 nm tall. Once formed,
protofibrils of Wild Type, Italian, Arctic, Flemish, or Iowa were
morphologically indistinguishable from each other. All of the
protofibrils displayed various degrees of curvature along their
contour and often had an appearance of being a series of
connected globular blobs. As fibrils were rare or not observed
for some of the variants of Aβwithin the 24 h incubation time, we
sampled some of our incubations at a 48 h time point to obtain
aggregates that satisfied the sorting criteria for fibrils to facilitate
morphological comparisons (Figure 5B). Fibrils were defined as
having a height anywhere along their contour greater than 4 nm,
with no upper limit. Despite this lack of no upper restriction in
our criteria, we seldom observed fibrils (for Wild Type and all
mutant forms of Aβ) containing a height larger than 10 nm along
its contour unless there was a bundling of fibrils or accumulation
of other aggregates associated with the fibril.While the criteria for
a fibril required at least a portion of the fibril to be taller than
4 nm, there were also regions along fibrils that would be shorter
than this limit. However, we never observed a fibril region shorter
than 3 nm. Once abundantly formed, fibrils of Wild Type Aβ
tended to form bundles. Despite this bundling, regions of Wild
Type fibrils not bundled closely resembled fibrils formed from
Arctic and Iowa Aβ morphologically, with fibril heights varying
from ∼4 to 10 nm along the fibril contour. Fibrils of Italian Aβ
tended to not be as tall, seldom having regions taller than
5�6 nm. The fibrils formed from Flemish Aβ were often
obscured by accumulation of particulate aggregate forms; how-
ever, fibrillar morphologies often extended out from these large
structures. These regions of Flemish fibrils were also very similar
to those formed by Wild Type.
Point Mutations in the 21st to 23rd Amino Acid of Aβ

Result in Polymorphic Aggregates at Mica Surface/Liquid
Interfaces. Previous studies with Aβ and other amyloid forming
peptides have demonstrated that fibril formation may be driven
by interactions at the interface of aqueous solutions and
surfaces.10 Here, we wanted to determine if such a solid/liquid
interface could invoke polymorphic aggregate structures in a
mutant dependent manner. If mutations exert influence on the
interaction of Aβwith surfaces, this would have consequences for
a variety of biophysical phenomenon related to Aβ cellular

Figure 3. Quantification of the temporal appearance of distinct Aβ
aggregate forms with respect to mutation. Quantification of aggregate
types observed in AFM images for 20 μM incubations of Wild Type,
Arctic, Italian, Iowa, or Flemish Aβ(1�40). The numbers of (A)
oligomeric, (B) protofibrillar, and (C) fibrillar aggregates per square
micrometer were calculated fromAFM images taken at discrete time points
for each incubation (for examples of images, see Figure 2). The appearance
of protofibrillar and fibrillar aggregates varied for the different Aβ
peptides.
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binding, aggregation, and ultimately mechanisms of toxicity,
potentially playing a factor in mutation related alterations in
disease pathology. For these studies, we characterized the
aggregation of Wild Type and mutant Aβ peptides in real time
by in situ AFM using hydrophilic mica (which can be considered
a mimic of an anionic lipid membrane) as a model surface. Based
on recent studies indicating that Aβ oligomers have a higher
affinity for lipid membranes with an increased net negative
charge,33 the negatively charged mica surface seems to be an
appropriate choice for a simple model surface. For these studies,
Wild Type or themutant forms of Aβwere all freshly prepared by
the same procedure, to eliminate variance associated with these
conditions.
We first tracked the aggregation of Wild Type Aβ(1�40) on a

mica surface at 20 μM using in situ AFM (Figure 6 and
Supporting Information Movie S1). For the first 20�30 min,
several oligomers appeared on the surface, and with time the
number of oligomers increased (Movie S1). Some small putative,
protofibrillar aggregates were present on mica after ∼35 min.
These elongated protofibrils were highly curved and often
displayed morphology of connected globules. As they were fully
hydrated, these protofibrils were taller than observed in ex situ

AFM experiments with Wild Type (Figure 6C). Furthermore,
these protofibrillar aggregates displayed varying stability. That is,
some of these protofibrils disappeared after a few minutes
(Movie S1, blue box), while others remained and grew in size
for the remainder of the experiment (Movie S1, green box). With
time several oligomers moved together to form protofibrils
(Figure 6A, yellow arrows and Movie S1, yellow box), while
other migrating oligomers joined the ends of established proto-
fibrillar aggregates (Figure 6A, blue arrows and Movie S1, purple
box). These phenomena of oligomers nucleating and adding
onto protofibrils most likely underlie the observations that they
were similar in height (Figure 6C). Histograms of all aggregates
formed at 123 min, which contained a large population of
oligomers and protofibrils, displays a tight population of aggre-
gate height of ∼3�5 nm (Figure 6D). However, many of the
protofibrillar structures did not appear to have oligomeric
precursors. These protofibrils probably formed in solution before
depositing on the mica surface. As protofibrils grew into larger
aggregate structures, they often accumulated great amounts of
Aβ that amorphously clumped around the extended structure
(Movie S1, green box). 2D Fourier analysis of a representative
image (Figure 6B) demonstrates that there does not appear to be

Figure 4. Oligomers formed by Wild Type or mutant Aβ peptides displayed a variety of sizes. (A) Representative ex situ AFM images of oligomeric
aggregates of Wild Type, Arctic, Italian, Iowa, or Flemish Aβ(1�40) after 8 h of incubation. Arrows indicate examples of larger oligomeric (globular)
aggregates. (B) Height histograms of oligomeric aggregates for each type of Aβ for different incubation time points.
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any long-range lateral organization of Wild Type Aβ aggregation
on a mica surface. These observations were similar to previous
reports.10

When tracking the aggregation of Arctic Aβ(1�40) on the
mica surfaces using in situ AFM (Figure 7A and Supporting
Information Movie S2), we observed a distinctly different
aggregation pattern compared to Wild Type. For the first
∼50�60 min of observation, oligomers of Arctic Aβ appeared
on mica. However, the formation of distinct extended (fibrillar)
aggregates soon dominated the aggregation process (blue and
yellow arrows in Figure 7A). Several of the oligomers of Arctic
Aβ eventually nucleated or were incorporated into these elon-
gated structures (for examples see the boxed areas in Movie S2).
In contrast to the extended protofibril aggregates formed byWild
Type Aβ on mica, the extend Arctic aggregates displayed a more
rigid morphology (less curvature), were often highly branched,
and formed highly ordered arrays along the crystallographic
lattice of the mica surface. 2D Fourier analysis of these images
(Figure 7B) demonstrates that these aggregates grew predomi-
nately in three directions rotated by 60� with respect to each
other, supporting an epitaxial patterning of Arctic aggregation by

the mica surface. Once formed, these fibrillar aggregates rapidly
extended and branched along these three directions. The height
along the extended Arctic aggregates was quite variable, ranging
from ∼2 to 5 nm along their contours (Figure 7C). While the
heights of these Arctic fibril-like aggregates are quite variable
(Figure 7D), these structures are primarily composed of thinner
∼2.5 nm tall regions or thicker ∼5 nm tall regions (Figure 7D).
In order to understand the epitaxial growth of Arctic Aβ on

mica, the details of the structure of the underlying substrate and
the changes in the peptide associated with the mutation are
necessary. These studies were performed on the muscovite form
of mica, which belongs to the class of dioctahedral phyllosilicates.
Mica has a sheetlike structure consisting of tetrahedral and
octahedral layers. The tetrahedral unit consists of SiO4 or
AlO4; the octahedral unit is AlO6 or MgO6. A sheet consists of
an octahedral layer sandwiched between two tetrahedral layers.
An uncompensated charge within the sheetlike structure is
caused by a partial substitution of Al3þ for Si4þ in the tetrahedral
layers, resulting in the need for an interlayer of potassium cations
that leads to the ability to easily cleave mica. Upon cleavage, the
tetrahedral layer is the exposed surface, with the tetrahedral

Figure 5. Comparison of protofibrillar and fibrillar aggregates formed from Wild Type or mutant Aβ. Representative ex situ AFM images of (A)
protofibrils and (B) fibrils of Wild Type, Arctic, Italian, Iowa, or Flemish Aβ(1�40). Height profiles under each image are indicated by colored lines.
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subunits being arranged in a slightly distorted hexagonal pattern,
providing the epitaxial interface, resulting in the specific orienta-
tion of the Arctic Aβ aggregates. The hexagonal pattern of the
mica interface does not completely explain why Arctic Aβ formed
these orientated extended aggregates while Wild Type Aβ did
not. The Arctic mutation replaces a polar, negatively charged
glutamic acid with a nonpolar, neutral glycine. The Arctic
mutation also results in a shift in the hydropathy index at the
22nd amino acid of Aβ from �3.5 to �0.4, indicating a
significant reduction in the hydrophilic nature of the peptide at
this region. Furthermore, the side chain of glycine in comparison
to glutamic acid is much smaller. All three of these features
associated may contribute to the observed unique morphology
and epitaxial growth pattern observed for the aggregation of
Arctic Aβ on mica. The resulting removal of the negative charge
should alter the interaction of Arctic Aβ with the negatively
charged mica surface, which may partially contribute to the
distinct morphological pattern observed. However, the rate of
absorption of peptide to the mica surface, as measured by the
surface area covered by protein (Supporting Information Figure
3), was not appreciably different between Wild Type and Arctic
Aβ during the first 100 min. Then, despite having a reduced

negative charge, the absorption of Arctic Aβ lagged behind Wild
Type until the elongated aggregates began to steadily elongate. It
appears the reduction in the hydrophilic character of the peptide
compensates for the loss of the negative charge with respect to
the initial rate of absorption to mica. The average height of
2.5 nm of these fibrillar aggregates is approximately twice that
which would be observed for a fully extended peptide, as was
observed for Wild Type Aβ on graphite in other studies.10 This
height indicates that the individual Arctic Aβ peptides that
comprise these structures contain a turn, which can be facilitated
by the smaller glycine removing steric hindrance to the required
conformation.
Next, we studied the aggregation of Italian Aβ(1�40) onmica

using in situ AFM (Figure 8A and Supporting InformationMovie
S3). Initially, small oligomers (1�2 nm in height) of Italian Aβ
were the predominate aggregate form to appear on the mica
surface for approximately the first 50 min. While some smaller
oligomers were observed in Wild Type aggregation on mica,
these small oligomers weremuchmore abundant for Italian Aβ at
early time points in comparison. With time, these smaller
oligomers coalesced into larger oligomers and highly curved
fibrillar structures reminiscent of protofibrils (blue arrow in

Figure 6. Wild Type Aβ(1�40) aggregates into a variety of structures on mica. (A) Freshly prepared Wild Type Aβ was imaged continuously in
solution on mica at a concentration of 20 μM. Images (5 � 5 μm2) are presented as 3D reconstructions with indicated zoomed in 1 � 1 μm2 areas
presented in 2D. The yellow arrow indicates an oligomer that coalesced with other oligomers to form a fibrillar aggregate. The blue arrow indicates a
fibrillar aggregate that elongated with time and eventually had two discrete oligomers incorporate into its structure. (B) 2D Fourier analysis performed
on a representative image (shown to the upper left) demonstrated thatWild Type aggregates did not display long-range order along themica surface. (C)
Height profiles of Wild Type Aβ aggregates on mica (corresponding to the lines indicated in the adjacent images) and (D) height histograms of all
aggregates after 123 min of aggregation.
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Figure 8A and purple and blue boxes in Movie S3), similar to the
curved structures observed during in situ AFM experiments with
Wild Type. These Italian Aβ aggregates continued to move
together, creating larger aggregates. At∼ 100 min, somemore rigid
(straight morphology) elongated aggregates appeared on the sur-
face (yellow arrows in Figure 8A and yellow box inMovie S3) which
had similar morphology in comparison to those formed by Arctic
Aβ onmica. Specifically, these aggregates appeared to be growing in
specific directions influenced by the underlying substrate. However,
these extended aggregates were never the dominate aggregate form
for Italian Aβ, and the vast majority of Italian Aβ aggregates did not
exhibit any long-range ordering on mica based on 2D Fourier
analysis of larger areas of the in situ AFM images (Figure 8B). The
majority of the Italian aggregates after ∼150 min of aggregation
were predominately 4.5�5.0 nm tall with a very narrow distribution
compared to Wild Type (Figure 8C,D); however, there were some
smaller aggregates still present within the size range of 2�3 nm.
These smaller aggregates include the “Arctic-like” extended aggre-
gates of Italian Aβ as demonstrated by height profiles (Figure 8C
top), demonstrating that these structures are morphologically
indistinguishable to their Arctic counterparts.
The Italianmutation replaces a polar, negatively charged glutamic

acid residue with a polar, positively charged lysine, with a corre-
sponding small increase in hydrophilic character (hydropathy index

changes from �3.5 to �3.9). The positive charge associated with
the Italian mutation resulted in a significantly increased rate of
absorption onto the mica surface compared to Wild Type
(Supporting Information Figure 3). While the negative charge is
removed from position 22 for both Arctic and Italian mutations in
Aβ, Italian Aβ had a much lower propensity to form the epitaxial
oriented fibril-like structure, but it was observed. The removal of the
negative charge at position 22 appears to promote the formation of
laterally ordered, elongated aggregates on mica, as this morphology
was only observed for the Arctic and Italian mutations that replace
this residue. As this structure is not the dominant aggregation
product on mica for the Italian mutation, the additional positive
charge, and resultant increased absorption on mica, makes the
formation of this morphology less efficient. As the laterally ordered
aggregates did not form from Italian Aβ until after approximately
100 min (Movie S3, yellow box) compared to within 30 min for
Arctic Aβ, another potential explanation for this observation is that
the conformational freedom associatedwith the glycine of the Arctic
mutation lowers the barrier for Aβ to rearrange into this, presum-
ably, ordered structure that contains a turn within the peptide. The
bulk of the lysine residue would make such a structure less favorable
compared with glycine.
Another uniquemorphology was formed from the aggregation of

Iowa Aβ(1�40) on mica, as observed by in situ AFM (Figure 9A

Figure 7. Arctic Aβ(1�40) forms polymorphic distinct aggregates on mica compared to Wild Type. (A) Freshly prepared Arctic Aβ was imaged
continuously in solution on mica at a concentration of 20 μM. 5� 5 μm2 images are presented as 3D reconstructions with indicated zoomed in 1� 1
μm2 areas presented in 2D. The yellow and blue arrows indicate the formation and growth of elongated aggregates with time. (B) 2D Fourier analysis
performed on a representative image (shown to the upper left) demonstrated that Arctic Aβ aggregation occurred predominately along three directions
rotated by 60� with respect to each other. (C) Height profiles of these Aβ aggregates on mica (corresponding to the lines indicated in the adjacent
images) and (D) height histograms of all aggregates after 221 min of aggregation.
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and Supporting Information Movie S4). For the first 30�40 min,
small oligomers (2�3 nm tall) of Iowa Aβ were the predominate
aggregate form to appear on the mica surface, but these oligomers
quickly coalesced into larger structures (Movie S4). After this initial
period, the oligomers gave way to elongated protofibrillar-like aggre-
gates with highly curved morphologies (Figure 9A, blue and yellow
arrows). Within 130�160 min, these elongated aggregates covered
the surface andbecamehighly interconnected, forming a largenetwork
of aggregated Iowa Aβ. Despite this large network of aggregation, the
elongated aggregates of Iowa Aβ did not appear to have any long-
range order in the lateral dimension on mica (Figure 9B). This
extended,meanderingnetworkwasnotobserved forWildTypeor any
other mutant form of Aβ. Accumulations of amorphous protein
clumps around these extended protofibrillar-like aggregates of Iowa
Aβ did not appear, further distinguishing Iowa aggregation fromWild
Type. These Iowa Aβ aggregates (both oligomeric and elongated)
formed at later time points and had heights that were slightly larger on
average (∼4�6 nm) compared to Wild Type (Figure 9C,D).
The Iowa mutation replaces a polar, negatively charged aspartic

acid with a polar, neutral asparagine, but there is no change in the
hydropathy index. The absorption of Iowa Aβ on the mica surface

occurred at a faster rate than that of Wild Type (Supporting
Information Figure 3). The absorption of Italian Aβ to mica was
initially similar to that of Italian Aβ, and after∼100 min more Iowa
absorbed to the surface despite not having the extra positive charge
associated with Italian. Removal of a negative charge must also be
accompanied without an increase in hydrophobicity to result in an
increased rate of peptide absorption compared toWild Type.While
the Iowa and Italian mutations did not change or slightly decreased
the hydrophobic character of Aβ, the removal of the negative charge
in the Arctic mutation was accompanied by an increased hydro-
phobic character, resulting in no increase in the rate of absorption to
mica. The absence of this negative charge at position 23 of Aβ did
not lead to the laterally ordered aggregation associated with removal
of a negative charge at position 22. This may be due to the
importance of residue 22 in forming these elongated aggregates
or remaining conformational barriers associated with the large
asparagines side group. However, the Iowa mutation did promote
increased aggregation on the negatively charged mica surface,
resulting in a unique morphology compared to Wild Type.
Finally, we studied the aggregation of Flemish Aβ(1�40) on

mica using in situ AFM (Figure 10A and Supporting Information

Figure 8. Italian Aβ(1�40) forms a variety of aggregate morphologies onmica. (A) Freshly prepared Italian Aβwas imaged continuously in solution on
mica at a concentration of 20μM. 5� 5 μm2 images are presented as 3D reconstructions with indicated zoomed in 1� 1μm2 areas presented in 2D. The
blue arrows indicate regions where small oligomers of Italian Aβ came together to form highly curved, elongated aggregates. The yellow arrows indicate
the formation of a small number of fibrillar aggregates had with a distinct morphology. (B) 2D Fourier analysis performed on a representative image
(shown to the upper left) demonstrated that the majority of Italian Aβ aggregates did not display long-range order along the mica surface. (C) Height
profiles of Italian Aβ aggregates on mica (corresponding to the lines indicated in the adjacent images) for the different aggregate types are shown to be
∼2.5 and ∼5 nm in height, respectively. (D) Height histograms of all aggregates after 275 min of aggregation show that, although there is a small
population of ∼2.5 nm tall aggregates, the majority of Italian aggregates are ∼5 nm in height.
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Movie S5). Due to the slow aggregation of Flemish Aβ on mica at
20 μM, experiments presented here were performed at a higher
concentration (40μM) so that observation on aggregatemorphology
could be observed in an experimentally accessible time frame. At this
elevated concentration, two types of oligomers (smaller oligomers
∼2�4 nm in height and larger oligomers∼5�7.5 nm in height) of
Flemish Aβ appeared on themica surface throughout the experiment
(Figure 10A,C,D). The larger oligomers, however, were the domi-
nant form observed for the entirety of the experiment (353 min).
These taller oligomers of Flemish Aβ were the largest oligomers
observed in situ for any of the varieties of Aβ. Both the smaller and
larger oligomersmoved together and coalesced into larger aggregates,
most often forming larger, globular oligomers (Figure 10A, yellow
arrow and Movie S5, blue box). Some of these interacting oligomers
formed putative protofibrils similar in morphology to those observed
for Wild Type and Italian Aβ (Figure 10A, yellow arrow and Movie
S5, yellow box); however, these often remained quite short in
comparison. Overall, the Flemish Aβ aggregates did not exhibit any
long-range ordering on mica based on 2D Fourier analysis of larger
areas of the in situ AFM images (Figure 10B).
The Flemish mutation replaces a nonpolar, neutral alanine

residue with a nonpolar, neutral glycine at position 21, leading to

a large decrease in hydrophobic character (a change of 1.8 to
�0.04 in the hydropathy index). Despite a doubling of the
concentration (40 μM compared to 20 μM), the absorption of
Flemish Aβ to mica initially increased quickly but stabilized to a
percent of surface area coverage similar to that of Wild Type
(Supporting Information Figure 3). Despite potentially gaining
some conformational freedom associated with the glycine com-
pared to alanine, Flemish Aβ did not form extensive, elongated
aggregates. As the Flemish mutation does not change the local
charge of Aβ, the lack of these extended morphologies on mica
further implicate the importance of removing the negative charge
of the adjacent amino acid at position 22.
In recent years, the focus of many studies of Aβ aggregates

associated with AD has predominately been on nonfibrillar
intermediates;28,34�39 however, the relative importance for dis-
ease of different aggregate forms of Aβ has not been fully
elucidated. A complicating factor for understanding the role of
different aggregate forms is the ability of Aβ to form a large array
of polymorphic fibril structures.3,5�7,40 For example, it has been
shown with investigating just eight different preparatory condi-
tions that five distinct fibrillar polymorphs of Aβ can result.6 The
existence of different polymorphic fibril structures may also indicate

Figure 9. Iowa Aβ(1�40) forms a dense network of elongated aggregates on mica. (A) Freshly prepared Iowa Aβwas imaged continuously in solution
on mica at a concentration of 20 μM. 5� 5 μm2 images are presented as 3D reconstructions with indicated zoomed in 1� 1 μm2 areas presented in 2D.
Blue and yellow arrows indicate regions where small oligomers of Iowa Aβ came together to form highly curved, elongated aggregates, eventually
forming a dense mesh of interconnected aggregates. (B) Despite the formation of this highly interconnected mesh of aggregates, the growth of Iowa Aβ
fibrillar aggregates did not appear to have any long-range order along the mica surface based on 2D Fourier analysis. (C) Height profiles of Iowa Aβ
aggregates onmica (corresponding to the lines indicated in the adjacent images) and (D) height histograms of all aggregates after 83 min of aggregation.
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that there are a variety of soluble intermediate structures. Indeed,
several distinct oligomeric forms of Aβ have been reported.34,41 The
ability of Aβ to form a variety of polymorphic aggregate structures
may underlie the variations observed in AD pathology. While the
chemical environment of Aβ appears to have a profound effect on
Aβ aggregation,6,31 the interaction of proteins with solid surfaces is a
fundamental phenomenon with potential implications for protein
misfolding associated with neurodegenerative diseases. Kinetic and
thermodynamic studies indicate that significant conformational
changes can be induced in proteins encountering surfaces.42 Such
surface induced conformational changes can play a critical role in
nucleating or inducing Aβ aggregate formation. Here, we have
shown that single point mutations influence the interaction of Aβ at
a negatively charged surface, resulting in the formation of several
polymorphic aggregate forms. The aggregate morphologies of the
mutant forms of Aβ can be drastically different from those formed in
the absence of a surface (free solution conditions). Recent studies
have also reported that the same mutations in Aβ studied here can
form a variety of polymorphic aggregates on model lipid
membranes.43 Such results indicate that surfaces influence Aβ

self-assembly, and these surface effects in a physiological environ-
ment may dictate whether specific aggregates with potential roles
in disease pathology form and/or are stable.
Interestingly, the mutations studied here are located at the end of

or directly adjacent to a sequence in Aβ (residues 16�21) that has
been identified to have amyloidogenic properties.44 Furthermore, it
has been reported that toxic forms of Aβ contain a turn at positions
22 and 23,45,46 precisely where the mutations (Arctic, Italian, and
Iowa) that increased aggregation occur. Several other studies using
antibodies specific for this central region of Aβ demonstrate that this
domain represents an appropriate target for preventing Aβ
aggregation,47�49 which is compatible with the notion that this
sequence plays an important role in the formation of Aβ fibrils.More
recently, an antibody has been reported that is specific for the turn at
position 22 and 23 associated with toxic forms of Aβ aggregates.45

Studies presented here demonstrate thatmutations in this region not
only change the rates of formation of Aβ aggregates in free solution
but also the morphology of aggregates formed at anionic surfaces.
Previous reports using in situ AFM to study the aggregation of

Wild Type forms of Aβ indicated that chemically diverse surfaces

Figure 10. Flemish Aβ(1�40) predominately forms a variety of oligomeric aggregates on mica. (A) Freshly prepared Flemish Aβ was imaged
continuously in solution on mica at a concentration of 40 μM. The increased concentration was used because the Flemish aggregation was much slower
compared to Wild Type and the other mutants. 5 � 5 μm2 images are presented as 3D reconstructions with indicated zoomed in 1 � 1 μm2 areas
presented in 2D. Yellow arrows indicate two oligomers coalescing into a slightly larger oligomer. The blue arrows indicate short, slightly elongated
aggregates that were stable. (B) 2D Fourier analysis performed on a representative image (shown to the upper left) demonstrated that Flemish
aggregates did not display long-range order along the mica surface. (C) Height profiles of Flemish Aβ aggregates on mica (corresponding to the lines
indicated in the adjacent images) and (D) height histograms of all aggregates after 362 min of aggregation, demonstrating that Flemish Aβ formed a
variety of oligomers of different heights.
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significantly influence aggregate morphology. Small, highly mobile,
globular aggregates of both Aβ(1�40)9 and Aβ(1�42)10 were
observed on mica. The results of both studies are similar to those
reported here for Wild Type Aβ on mica. However, aggregation of
Aβ(1�42) on graphite resulted in markedly different aggregated
morphology from those observed on mica.10 In that study, Aβ-
(1�42) formed extended nanoribbons with heights of 1�1.2 nm
andwidths of∼18 nm,which suggested that peptide chains adopted
fully extended β-sheet conformation and were perpendicular to the
long axis of nanoribbons. Comparison of the dimension of aggre-
gates of Aβ forming on graphite with the expected dimensions of a
β-sheet provides a strong indication that the elongated aggregates
indeed correspond to single β-sheets (parallel or antiparallel) with
fully extended peptide chains perpendicular to the long axis of the
aggregate. These putative β-sheets elongated over time and pre-
ferentially organized into parallel “rafts” while maintaining prefer-
ential alignment along three equivalent directions, most likely
pointing to a templating effect of the graphite lattice. This lateral
association of aggregates is similar to that observed here for Arctic
Aβ (and to a lesser extent ItalianAβ) onmica.Despite similar lateral
aggregation patterns, the aggregates formed by Arctic Aβ on mica
had heights approximately twice as tall as those reported for Wild
Type aggregates on graphite, indicating that these extended aggre-
gates were structurally unique. Nevertheless, the central domain of
Aβ, containing the point mutations studied here, appears to play an
important role in Aβ’s interaction with negatively charged surfaces.

’METHODS

Aβ Sample Preparation. Synthetic Wild Type, Arctic, Iowa,
Italian, and Flemish Aβ(1�40) peptides (AnaSpec Inc., San Jose, CA)
were used for all studies. The same lot of peptide for each variant of Aβ
was used for all experiments. These peptides were prepared exactly the
same based on previously reported protocols.31 In short, peptides were
treated with hexafluoroisopropanol (HFIP) to dissolve pre-existing
aggregates and seeds present in the lyophilized stocks. The solutions
of Aβ in HFIP were placed under vacuum in a Vacufuge concentrator
(Eppendorf) to remove the HFIP completely, resulting in a small film of
Aβ. The attained Aβ films were resuspended in 10.00 μL of dimethyl
sulfoxide (DMSO) and thoroughly vortexed to make a 2000 μM stock
solution. These stock solutions were then dissolved directly into 37 �C
phosphate-buffered saline (PBS) (pH 7.3) to a final peptide concentra-
tion of 20�40 μM depending on the required experimental conditions.
The concentration of Aβ solutions were verified with Bradford assays.
Ex Situ AFM Imaging Conditions (Free Solution). For

experiments aimed at elucidating the aggregation of Aβ peptides under
free solution conditions, 20 μM solutions of each peptide were prepared
and incubated at 37 �C and 1400 rpm for the duration of the experiment.
At 1, 3, 5, 8, and 24 h after the final dilution of the peptide into buffer, 5
μL aliquots of each incubation were spotted on freshly cleaved mica,
washed with 200 μL of HPLC grade water, and dried under a gentle
stream of nitrogen. Three separate incubations were performed for each
type of Aβ, and each of these was sampled twice at each time point. Aβ
aggregates deposited on mica were imaged ex situ using a Nanoscope V
MultiMode scanning probe microscope (Veeco, Santa Barbara, CA)
equipped with a closed-loop vertical engage J-scanner and operated in
the tapping mode. Images were taken with a diving board shaped silicon
cantilever with a nominal spring constant of 40 N/m. Scan rates were set
at 2�3 Hz with cantilever drive frequencies of approximately 300 kHz.
In Situ AFM Imaging Conditions (On a Mica Surface). For

in situ AFM experiments tracking aggregation of Wild Type and mutant
Aβ(1�40) on a mica surface, the Nanoscope V MultiMode scanning
probe microscope (Veeco, Santa Barbara, CA) was furnished with a fluid

cell sealed with an O-ring and operated in the tapping mode. Images
were obtained with a V-shaped oxide-sharpened silicon nitride cantilever
with a nominal spring constant of 0.5 N/m (Budget Sensors, Bulgaria).
Typical scan size was 10� 10 μm2 with resolution 1024 � 1024 pixels.
Scan rates were set between 1 and 2 Hz with cantilever drive frequencies
ranging from ∼8 to 10 kHz. A total of 25 μL of filtered PBS buffer was
added to the cell, and background images were obtained to ensure
cleanliness of the cell before the addition of Aβ. Next, a 25 μL aliquot of
freshly prepared 40 μMAβ(1�40) peptide solution in PBS was injected
via channels on the fluid cell, resulting in a final peptide concentration of
20 μM. After injection of the peptide, the surface was continuously
imaged in order to track the aggregation of Aβ on the mica surface.
Intermittently, the scan areawas offset to a completely different area of the
surface to compare aggregate morphologies of previously unimaged
portions of the mica to the aggregates forming under continual imaging.
As a result, we were able to compare the morphology and relative
abundance of aggregates that formed without the continuous presence
of the AFM probe. This was done to ensure that the imaging process itself
was not significantly altering the aggregation process on the surface.
Quantitative Image Analysis. AFM image analysis was per-

formed using Matlab equipped with the image processing toolbox
(MathWorks, Natick, MA). Physical dimensions of most aggregates
were measured automatically in this way: (1) Images were imported into
Matlab. (2) Images were flattened to correct for curvature due to the
imaging process. (3) Flattened images were converted into binary maps
of aggregate locations by using a height threshold (set at ∼1 nm). This
was accomplished by assigning values of 1 to any pixel of the image that
represented a height above the threshold and assigning a value of 0 to any
pixel corresponding to a height below the threshold. (4) The binary map
was used to locate aggregates within the original AFM image using pattern
recognition algorithms. (5) Once a discrete aggregate was located, dimen-
sions were automatically measured. Each aggregate was also assigned an
individual number so that aggregates chosen based on specific measured
properties could be located, allowing for verification that chosen dimensions
corresponded to specific aggregate types. In this way, large data sets were
automatically constructed that could be used to keep track of thousands of
individual aggregates and sorted based on specific dimensional character-
istics. Two dimensional fast Fourier transform (FFT 2D) analysis was
performed on in situ AFM images using the NanoScope v7.30 AFM
processing software (Veeco, Santa Barbara, CA).
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bS Supporting Information. Additional figures and movies
that track aggregation occurring at themica surface. This material
is available free of charge via the Internet at http://pubs.acs.org.
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