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ABSTRACT We have applied in situ atomic force micros-
copy to directly observe the aggregation of Alzheimer’s 3-amy-
loid peptide (AB) in contact with two model solid surfaces:
hydrophilic mica and hydrophobic graphite. The time course
of aggregation was followed by continuous imaging of surfaces
remaining in contact with 10-500 uM solutions of AB in PBS
(pH 7.4). Visualization of fragile nanoscale aggregates of A3
was made possible by the application of a tapping mode of
imaging, which minimizes the lateral forces between the probe
tip and the sample. The size and the shape of AB aggregates,
as well as the Kkinetics of their formation, exhibited pro-
nounced dependence on the physicochemical nature of the
surface. On hydrophilic mica, AB formed particulate, pseudo-
micellar aggregates, which at higher AB concentration had the
tendency to form linear assemblies, reminiscent of protofi-
brillar species described recently in the literature. In contrast,
on hydrophobic graphite AB formed uniform, elongated
sheets. The dimensions of those sheets were consistent with
the dimensions of B-sheets with extended peptide chains
perpendicular to the long axis of the aggregate. The sheets of
AP were oriented along three directions at 120° to each other,
resembling the crystallographic symmetry of a graphite sur-
face. Such substrate-templated self-assembly may be the
distinguishing feature of -sheets in comparison with a-he-
lices. These studies show that in situ atomic force microscopy
enables direct assessment of amyloid aggregation in physio-
logical fluids and suggest that Af fibril formation may be
driven by interactions at the interface of aqueous solutions
and hydrophobic substrates, as occurs in membranes and
lipoprotein particles in vivo.

An increasing amount of evidence points to abnormal protein
folding and aggregation as a general mechanism behind a
diverse group of disorders such as Alzheimer’s disease (1-5),
Huntington’s disease (6), prion diseases (1-3, 5, 7, 8), and
amyloidoses (9). It has been proposed recently to include such
diseases as conformational diseases in the classification of
disorders based on their pathology (10). A common feature of
most conformational diseases is conversion of soluble proteins
into insoluble quaternary structures with extensive B-sheet
content (10-13). Involvement of B-sheets in pathological
processes adds to the urgency of achieving a deeper under-
standing of the physiological and physicochemical aspects of
their formation. Although B-sheets constitute a second major
structural element in globular proteins, their folding mecha-
nism is poorly understood in comparison with that of a-helices.
There are indications that conversion of water-soluble, mainly
a-helical species into insoluble B-sheet-rich structures is facil-
itated by environmental factors, one example being partially
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denaturing conditions (12, 13). It can be expected that, because
of the highly nonlocal character of interactions in B-sheets,
their formation should be fundamentally different from a-he-
lices (14). However, recent studies failed to reveal any funda-
mental differences between folding kinetics of the two struc-
tural forms (11).

Herein, we present the results of direct observations that
point to a unique feature of B-sheet formation, i.e., the
possibility of its induction through interactions with a hydro-
phobic solid surface. In our study, we focused on B-amyloid
(AB). ABis a 39- to 43-residue peptide (Fig. 1) that is a product
of cleavage of a larger (677-770 amino acids) membrane
protein, referred to as the amyloid precursor protein (15).

AR is found in body fluids in a soluble form (16), which is
partially a-helical (12, 17). In Alzheimer’s disease, AB under-
goes conformational change and deposits in the extracellular
space of the brain and in walls of cerebral blood vessels as
amyloid plaques (1). Although the causative role of A
deposition in amyloid deposits in Alzheimer’s disease has not
been definitively established, a significant amount of evidence
suggests that AB deposition is in some way central to Alzhei-
mer’s disease pathogenesis. Thus, there have been consider-
able efforts to understand the mechanism leading to A
deposition (1, 18). The primary motivation of these efforts is
the expectation that they may aid in the development of a
treatment of Alzheimer’s disease based on inhibition of amy-
loid formation (19-21). Extensive x-ray diffraction and elec-
tron microscopy studies revealed that AB forms characteristic,
B-sheet-rich fibrils, 6—8 nm in diameter, in which the direction
of peptide chains is perpendicular to the axis of a fibril (22-24).
Interestingly, this type of structure is often adopted by other
amyloids, despite the absence of significant homology (12, 13).
So far, physicochemical studies of Ap aggregation have relied
primarily on the quantitation of the soluble or insoluble
fraction as a function of time (18). Such studies pointed to the
importance of nucleation in the formation of amyloid fibrils.
Aggregation in the presence of preformed fibrils or plaques
followed first-order kinetics, which has been interpreted as an
indication that growth proceeded by consecutive association of
AP onto the ends of existing fibrils (25-27). Conversely, in the
absence of preformed substrates, the aggregation occurred
only after an incubation time and exhibited higher order
kinetics, suggesting a nucleation-dependent mechanism
(1, 28, 29).

Additional insights were provided recently by ex sifu atomic
force microscopy (AFM) observations of species isolated from
solutions of AB incubated for different times (30). The species
isolated at the early stages of aggregation were characterized
as protofibrillar aggregates, 20—70 nm in length and ~3 nm in
diameter. Such aggregates disappeared abruptly from the
samples isolated after longer incubation times; instead, amy-
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loid fibrils with various discrete morphologies were observed.
More recent results (31) indicated that such transition of
protofibrils to fibrils could be seeded by preformed protofi-
brils.

Previous work focused predominantly on the ex situ struc-
tural studies of AB aggregates and on the overall kinetics of
their formation in solution (18). Such “free solution” condi-
tions constitute a far departure from physiological environ-
ments, where the course of processes is largely dictated by
interfacial phenomena (most notably hydrophobic effects). In
contrast, the present study represents a successful attempt to
observe directly the structure of aggregates forming in situ in
contact with model surfaces. In this study we used AFM to
observe in situ the deposition of AB on two model surfaces of
opposite physicochemical character: hydrophilic mica and
hydrophobic graphite. The 42-residue version of a peptide,
ApB-(1-42) was chosen for this study because it is known to
form fibrils faster than a 40-residue version (28, 29). Mica and
graphite have been traditionally the substrates of choice for
AFM studies because they can be easily cleaved to produce
clean, atomically smooth surfaces. In solution, the surface of
mica bears negative charge, and as such, it can be considered
a model of surfaces of cell membranes composed predomi-
nantly of anionic phospholipids. The hydrophobic graphite
may be viewed as a model substrate corresponding to the
interior of lipid bilayers and lipoprotein particles, a location in
which AB has been shown to localize in both plasma and
cerebrospinal fluid in vivo (32, 33). In our work, we took
advantage of a unique ability of AFM, i.e., its ability to produce
nanoscale-resolution images of surfaces immersed under lig-
uids (34). Noninvasive AFM imaging of weakly adsorbed
species became possible only recently with the introduction of
the so-called tapping mode of operation, which virtually
eliminates the lateral forces between the probe tip and the
sample (35-37).

MATERIALS AND METHODS

Sample Preparation. AB(1-42) was purchased as a lyophi-
lized solid from K-biologicals (Rancho Cucamonga, CA) as
well as from U.S. Peptide (Fullerton, CA). Mica was purchased
from New York Mica Company; highly oriented pyrolitic
graphite (ZYB grade) was purchased from Advanced Ceram-
ics (Lakewood, OH). Aqueous solutions of AB(1-42), were
prepared by diluting an 8 mM solution in DMSO into PBS (pH
7.4) and then Vortex mixing for 60 s. Solutions in a concen-
tration range from 10 to 500 uM were prepared and imaged
after incubation at room temperatures for periods ranging
from a few minutes to 120 h. Dry samples for ex situ imaging
were prepared by placing 1 ul of a previously stirred solution
on freshly cleaved mica, washing it with 200 wl of ultrapure
water, and drying under a stream of nitrogen.

AFM Imaging Conditions. AFM observations were carried
out with the aid of Nanoscope III-M system (Digital Instru-
ments, Santa Barbara CA), equipped with a vertical-engage J
scanner. Ex situ imaging of dry samples was performed under
the atmosphere of dry helium with standard silicon TESP
cantilevers (nominal spring constant, 50 N/m; resonance fre-
quency, ~300 kHz) with cantilever oscillation amplitude not
exceeding 10 nm, to further minimize the tip—sample interac-
tions. In situ tapping mode imaging under buffer was per-

formed by using a standard contact mode fluid cell and
100-mm, wide-legged silicon nitride cantilevers (nominal
spring constant, 0.58 N/m). The cantilever was oscillated by
applying a sinusoidal voltage across the Z direction of a
scanner, which required minor modification of an instrument,
performed according to the instructions from the manufac-
turer. Best imaging results were obtained in the frequency
range corresponding to a broad maximum of cantilever oscil-
lation amplitude centered around 8-9 kHz; similar observa-
tions were published recently by other groups (38, 39). Imaging
was carried out with the typical value of a signal corresponding
to cantilever oscillation between 0.05 and 0.2 V, with set points
corresponding to more than 90% of free oscillation amplitude;
the values of proportional and integral gains were equal
respectively to 0.3 and 2 (arbitrary units used by Nanoscope
software), typical scan frequencies were between 1 and 4 Hz,
and the original images were sampled at the resolution of
512 X 512 points. In all presented figures, the height was color
coded, with lighter tones corresponding to taller features.

Quantitative Analysis of AFM Images. Size distributions
and total volume of particulate aggregates of AB on mica were
determined with the aid of a custom-written computer pro-
gram, capable of automatically identifying individual particles
by thresholding and edge detection. Objects with volumes of
less than 500 nm? were ignored because of the high incidence
of noisy features below this size in the AFM images of highly
mobile, pseudomicellar aggregates. The height of sheets of AB
on graphite was determined with bearing or section analysis
routines of the Nanoscope image analysis package. The total
area occupied by the sheets on graphite was determined with
the aid of an IMAGE TOOL package (http://ddsdx.uthsc-
sa.edu/). The volume measurements were not corrected to
take into account the finite size of an AFM tip.

RESULTS AND DISCUSSION

Tapping mode AFM imaging of dry samples prepared a few
hours after dissolution of AB in PBS revealed the presence of
protofibrillar linear and branched aggregates such as those
shown in Fig. 2.

The aggregates exhibited a wide variety of shapes, ranging
from linear assemblies (Fig. 2.4 and C) to forms with different

F1G. 2. Ex situ tapping mode AFM images of individual protofi-
brillar aggregates of AB(1-42) deposited on mica. The height in these
and all subsequent images was color coded, with lighter tones corre-
sponding to taller features.
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F1G6.3. Aggregation of AB on mica. (4-D) Tapping mode AFM images acquired in situ in a 10 uM solution of AB in PBS. The images correspond
to the same area of mica and were digitally zoomed-in from 3- X 3-um datasets. The images were aligned with respect to the features located in
the upper left corner as well as with respect to additional reference points located outside the zoomed-in field of view. Nanoparticulate aggregates
of AB appeared on the surface almost immediately after immersion in solution. They behaved as nanodroplets of a substance poorly wetting the
substrate, exhibiting marked lateral mobility and a tendency to coalesce. The time interval between the images was 2,048 s. (E) Results of
quantitative analysis of aggregation. As a function of time the number of particles per unit area decreased (top), whereas the volume of material
deposited per unit area, i.e., the effective thickness Defr increased (bottom). Such behavior indicates the coalescence of nanodroplets. The analysis

was performed on a 4.5-pm? area of original 3- X 3-um images.

extents of branching (Fig. 2 B and D). The height of the
aggregates rarely exceeded 5 nm, and their apparent width was
typically between 10 and 15 nm (this value is overestimated by
at least 5 nm because of the contribution from the finite radius
of the AFM tip). The length of linear aggregates typically did
not exceed 100 nm. All aggregates had a characteristic domain
texture, suggesting that they were formed by association of
smaller, globular, or ellipsoidal species. Similar protofibrillar
species of AB, occurring at the early stages of aggregation,
were described recently (30, 31).

When a 10 uM solution of AB(1-42) was initially brought
into contact with the surface of freshly cleaved mica, in situ
AFM imaging revealed the presence of only nonfibrillar,
globular aggregates such as those shown in Fig. 3 A-D.

The aggregates appeared on the surface within the first few
minutes after submersion and exhibited considerable lateral
mobility (Fig. 3 A-D). The nanodroplets of AB were easily
displaced by the AFM probe. To prevent this effect, the AFM
had to be operated at extremely low “free” cantilever ampli-
tudes, not exceeding 20 mV (noncalibrated value of a signal).

Quantitative analysis of AFM images revealed that, during the
observation period, the total volume of aggregates per unit
area increased slowly with time (Fig. 3E, bottom), whereas the
number of aggregates per unit area markedly decreased (Fig.
3E, top). These two observations indicate that, after appearing
rapidly on the surface of mica, the aggregates were undergoing
slow coalescence. As a result of this process, their average
apparent volume increased from ~1.0 X 10* to ~1.6 X 10*
nm?3. Distributions of the apparent volume of aggregates were
highly skewed toward the larger sizes (data not shown). In all
cases, there was a significant population of aggregates with
volumes of less than 1,000 nm?. With time, the upper boundary
of volume distributions increased from ~2 X 10* to ~4 X 10*
nm?. The average height of aggregates remained in the range
of 5-6 nm.

The shape and size of globular aggregates forming on mica
resembled the size and shape of individual domains in proto-
fibrillar species isolated from AP solutions after a short
incubation (Fig. 2). This observation supports the hypothesis
that protofibrils were formed through the association of glob-

F1G. 4. In situ tapping mode AFM images of aggregation of AB in contact with mica at high peptide concentration (500 uM). All images were

digitally zoomed in from a 3- X 3-um scan. (A-E) Time course of the process of assembly of globular aggregates into a linear protofibril located
on the right side of an image. Notice that the branched protofibrillar assembly located on the left side remained mostly static over the same period.
The time interval between the images was 256 s. (F) Three-dimensional rendering of the surface of mica covered with globular and protofibrillar
aggregates of AB. (G) Schematic of the proposed mechanism of the early stages of formation of pseudomicellar aggregates of an amphipathic peptide
on a hydrophilic substrate. (The hydrophilic and hydrophobic portions of peptide chains are colored, respectively, in purple and in yellow.)
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ular species. Although such an association was not apparent in
10 uM solutions of AB within the time scale of our in situ AFM
observations (up to 2 h), it was readily observed in experiments
with much higher concentrations of AB (500 uM), as shown in
Fig. 4 A-F.

The flattened globular shape of AB aggregates forming on
mica, their high lateral mobility, and the tendency to coalesce,
without spreading, all resemble the behavior of liquid droplets
on a poorly wettable surface. Such behavior of AB when
adsorbed on mica can be rationalized by the amphipathic
character of the peptide. The affinity of AB toward the lightly
anionic surface of mica is undoubtedly driven by lysines,
histidines, and arginine located in the hydrophilic block (res-
idues 1-29). Because contact of a hydrophobic block with the
surface of mica is unfavorable energetically, a compromise is
reached by formation of drop-like, pseudomicellar species
(Fig. 4G). Although most of the past studies of AB were
focused on fibrillar aggregates, the occurrence of oligomeric
and micellar forms of AB in an aqueous environment (and
their potential neurotoxicity) have been discussed recently by
several authors (40-43). Our results indicate that anionic,
hydrophilic surfaces, such as cell membrane surfaces, may
induce the formation of such aggregates.

Aggregates of AB forming in contact with graphite were
markedly different (Fig. 5). After a solution of AB was placed
in contact with graphite, the surface became covered within
several minutes with numerous aggregates with a characteristic
narrow, elongated appearance. (Fig. 5 A-C).

Because the height of these aggregates barely exceeded 1
nm, they can be best characterized as narrow elongated sheets.
The narrow sheets tended to form in the vicinity of each other,
leading to the appearance and growth of larger assemblies, in
which the sheets remained parallel to each other (Fig. 5 D-G).
Formation of aggregates proceeded in two distinct phases, as
reflected in the kinetics of deposition of AB on graphite (Fig.
S5H). After an incubation period of ~1,000 s, the effective
thickness of adsorbed material increased rapidly for another
1,000 s and continued to grow at a reduced rate. Such behavior
and a tendency of the elongated aggregates to form the
assemblies of parallel sheets are consistent with a nucleation-
controlled growth. Interestingly, the assemblies of sheets were
oriented preferentially along three directions at 120° to one
another (Fig. 6).

Formation of elongated, narrow sheets of AB on graphite
and their characteristic orientation were observed consistently
in numerous independent experiments. Whereas the average
length of sheets varied from one sample preparation to
another, they always exhibited the characteristic orientation
along three preferred directions, which was reflected in the
characteristic 6-fold symmetry of the two-dimensional Fourier
transforms of the images (Fig. 64 Inset). The average lateral
spacing between the sheets, determined from the radial posi-
tion of spots in Fourier transform patterns of images from
different experiments, was equal to 18.8 = 1.8 nm. In com-
parison, the expected length of a fully extended 42-residue
peptide, based on the 0.695-nm distance between Cea; and
Caiy carbons in a B-pleated sheet (44), is equal to ~15 nm.
The height of the sheets, measured from the tallest point to the
graphite substrate, ranged from 1.0 to 1.2 nm. X-ray diffraction
studies indicate that face-to-face separation of B-sheets in
amyloid fibers is typically equal to ~1 nm (24). Comparison of
the dimension of aggregates of A forming on graphite with
the expected dimensions of a B-sheet provides a strong indi-
cation that the elongated aggregates indeed correspond to
single B-sheets (parallel or antiparallel) with fully extended
peptide chains perpendicular to the long axis of the aggregate
(Fig. 6B).

Preferential ordering of B-sheets on the surface of graphite
resembles epitaxy, i.e., the effect of oriented growth of a guest
crystal on the surface of a host crystal of another phase.

Proc. Natl. Acad. Sci. USA 96 (1999) 3691
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Fic. 5. Aggregation of AB on graphite observed with in situ
tapping mode AFM in a 10 uM solution of AB(1-42) in PBS. (4-C)
The first phase of aggregation i.e., rapid appearance of highly elon-
gated, narrow, sheet-like aggregates. The images were digitally
zoomed in from 10- X 10-um consecutive original scans; the time
interval between the images is equal to 256 s. (D-G) The second phase
of aggregation i.e., formation of parallel assemblies of sheets. The
images correspond to the area marked with a rectangle in C. The
images were digitally zoomed in from 4- X 4-um original scans and
were aligned with respect to the feature marked with a circle in D; the
time interval between the images is equal to 512 s. (H) Quantitative
analysis of aggregation. The effective thickness of adsorbed material,
Detr, is shown as a function of time. Notice the presence of an
incubation time and two regimes of growth.

Oriented growth is caused by the structural analogy between
the planes of contact of two species (45). A relevant example
of epitaxial orientation of molecular species is the orientation
of alkane chains on graphite, observed commonly with scan-
ning tunneling microscopy (46, 47). Superposition of the model
of antiparallel B-sheet with the structure of graphite surface
(Fig. 6C) suggests the presence of some commensurability
between both structures (a similar observation is true for a
parallel B-sheet). However, the exact structural match cannot
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Fi1G. 6. (A) An example of preferential orientation of sheet-like
aggregates of AB and their assemblies forming on graphite. The
orientation of aggregates along the three directions at 120° to one
another is reflected in the characteristic 6-fold symmetry of the
two-dimensional Fourier transform of the image (Inset). The average
lateral spacing between the sheets, determined from the radial posi-
tion of spots in Fourier transform patterns of images from different
experiments, was equal to 18.8 = 1.8 nm. (B) Higher magnification
view of two assemblies of AB aggregates on graphite (top) and a
schematic model illustrating the orientation of peptide chains in the
aggregates based on their dimensions (bottom). The height of the
aggregates above the graphite surface, measured from their profiles
ranged from 1.0 to 1.2 nm. Dimensions of A aggregates on graphite
provide a strong indication that they have a B-sheet character, with
peptide chains perpendicular to the aggregate long axis. (C) The
properly scaled model of peptide backbones in an antiparallel B-sheet
arrangement, superimposed on the crystal structure of graphite sur-
face. We propose that the orientation of AB aggregates on graphite is
driven by a hydrophobic effect and reflects an attempt of the peptide
chains to cover the rows of the most densely packed carbon atoms
(highlighted in the left portion of the drawing).
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be invoked to explain the observed orientation of B-sheets,
because the B-sheet surface consists of a variety of residues of
different sizes and shapes. The more likely explanation in-
volves the anisotropy of intermolecular forces associated with
the crystal structure of graphite, in particular, the anisotropy
of hydrophobic interactions. For example, the orientation of
peptide chains such as indicated in Fig. 6C facilitates the
maximum contact between the hydrophobic rows of carbon
atoms on graphite and hydrophobic residues along the ex-
tended peptide chains. Similar interactions between AB and
hydrophobic surfaces may be important under physiological
conditions within membranes and within lipoprotein particles
because a significant amount of soluble A is localized to
lipoproteins in both plasma and the cerebrospinal fluid
(32, 33).

The results of this study point to the need of focusing
physicochemical studies of the aggregation of A on the nature
of surfaces (interfaces) present in the environment and illus-
trate the suitability of solution AFM for such studies. We
expect that in situ AFM studies of AB aggregation from this
perspective will be especially useful in evaluating and eluci-
dating the role of cosolutes, such as metal ions (48, 49),
apolipoproteins (41, 50-54), and “B-sheet breakers” (20, 21).
Our direct observation of the formation of B-sheets of AB on
graphite has more general implications. We believe that it
illustrates the fundamental difference between the formation
of B-sheets and a-helices. The essence of this difference is that
the formation of B-sheets is dominated by intermolecular (or
nonlocal) interactions and bears some resemblance to the
crystallization of linear (macro)molecules. Further study of
B-sheet formation from this perspective may provide impor-
tant, general insights into the mechanism of protein folding,
with particular impact in the area dedicated to “conforma-
tional diseases.” It may also result in applications in materials
science, because the substrate-directed assembly of specifically
tailored peptides can be envisioned as an approach to gener-
ation of functional nanostructures.
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