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Amyloidoses and related protein deposition diseases
involve the transformation of normally soluble proteins
into insoluble deposits, usually fibrillar in nature. Al-
though it was originally assumed that the fibrils were
the toxic species, this assumption has recently been
called into question. Accumulating evidence in several
systems suggests that oligomeric intermediates on the
aggregation pathway may be toxic. In the present study
we used in situ atomic force microscopy to monitor ag-
gregation in aqueous solution in real time. The sample
used was an amyloidogenic immunoglobulin light chain,
involved in AL or light chain amyloidosis. The nature of
the observed oligomeric intermediates was dependent
on the conditions of incubation, especially pH and ionic
strength. Several different aggregation intermediates
with a variety of morphologies, including annular or
torus-shaped species, were observed. The data indicate
that protein aggregation can be very complex, involving
a variety of different oligomeric intermediates whose
population will be determined by the kinetic and ther-
modynamic competition between them.

Amyloid fibril deposits play an important role in many dis-
eases, such as Alzheimer’s, Parkinson’s, prion, and Hunting-
ton’s diseases. Fibrillar protein aggregates show many common
characteristics, regardless of the widely disparate nature of the
protein from which they form. These include similar fibrillar
morphology, a core of cross-�-sheet structure, and birefrin-
gence under cross-polarization after staining with Congo red.
Numerous studies have linked cellular toxicity to fibrils (1–5).
However, more recently, increasing evidence suggests that cy-
totoxicity associated with amyloid deposits is likely to be me-
diated by multiple aggregated forms of the protein. For exam-
ple, fibril precursors, protofibrils, or soluble oligomeric
aggregates have been suggested to be the primary toxic species
and principally responsible for the resultant disease (6–9). In
addition to typical globular oligomeric aggregates, a ring-like
aggregate of �-synuclein and a core-like aggregate of A� pep-
tide have been observed by atomic force microscopy (AFM)1 and
EM techniques (9, 10). Some of these species appear in the
early stages of the assembly process, but others seem to be
off-pathway species. A better understanding of aggregate mor-

phology will be useful for the elucidation of the detailed molec-
ular mechanism of protein deposition diseases and the design
of therapeutic strategies against amyloid and related protein
deposition diseases.

AL or light chain amyloidosis is a deposition disease that
involves the fibrillar aggregation of the variable domain of
immunoglobulin light chains (2, 11, 12). Previous in vitro ex-
periments have demonstrated that the variable domain SMA
predominantly forms fibrils at low pH and amorphous aggre-
gates at neutral pH (13). In solution, SMA forms fibrils via a
hierarchical process in which two smooth protofilaments twist
together to form a protofibril; two protofibrils then interact to
form mature fibrils (14). In vivo light chain deposits are usually
associated with surfaces such as arterial walls and basement
membrane (15). In previous work, we demonstrated that fibril
formation on surfaces might be significantly different from the
mechanism in solution (16). Fibrils can be formed on native
mica at much lower concentrations and temperatures and with-
out agitation, conditions under which fibrils do not form in
solution. In addition to dramatically accelerating fibrillation, bi-
directional assembly of oligomeric units and linear fibril growth
from amorphous cores were characteristic features of fibrillation
on the hydrophilic mica surface. These results suggested that
variable domains of light chains might have significantly differ-
ent fibrillation mechanisms in different environments.

In situ AFM allows direct observation of protein aggregates
in solution (17–20). Morphology of the individual molecules and
aggregates can be monitored as a function of time. In the
present investigation the time course of the aggregation proc-
ess of the light chain variable domain SMA was followed by
continuous imaging of a mica surface in aqueous buffer, and
the early events of aggregation and fibrillation were observed.

MATERIALS AND METHODS

Protein Purification—The SMA expression system was a gift from
Dr. Fred Stevens (Argonne National Laboratories) and purified as de-
scribed previously (13, 21–23).

In Vitro Protein Aggregation and Thioflavin T Assays—A filtered
protein sample (0.22 �m) was treated with 0.001 M NaOH for 10 min to
remove any pre-formed aggregates and then adjusted to neutral pH.
Protein aggregation was initiated for in situ AFM observation by incu-
bation of SMA at a concentration 0.1 mg/ml in 20 mM buffer solution in
the fluid cell of the atomic force microscope with a sheet of mica on the
bottom of the cell. Intermediate or high ionic strength was obtained
with 30 or 100 mM NaCl. Buffers used were pH 2.0, 0.02 M HCl; pH 3.0,
pH 4.5, 20 mM acetate; pH 7.5, 20 mM Tris-HCl.

For aggregation experiments in solution, SMA was incubated at
concentrations from 0.02 to 0.5 mg/ml in the presence of 20 mM buffer
solution and 100 mM NaCl at 37 °C in a glass vial. The solution was
continuously shaken at 960 rpm with a glass bead to increase the
agitation. Fibril formation was monitored by removing aliquots from
the incubation solution at each time point using light scattering and a
standard Thioflavin T assay (13, 24). Both static light scattering and
fluorescence intensities were measured using a Fluoromax-3 (Jobin-
Yvon/SPEX Inc.) spectrofluorometer.
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In Situ and ex Situ AFM Methods—In situ AFM images were col-
lected with a PicoScan SPM microscope (Molecular Imaging, Phoenix,
AZ) equipped for MAC Mode in which the magnetically coated probe
oscillates near its resonant frequency under an alternating magnetic
field. This technique (MAC-AFM) has proven advantageous for meas-
uring soft samples in liquid media. Probes with a 2.8 N/m spring
constant and a 30-kHz resonance frequency (Molecular Imaging) were
used for the MAC Mode imaging. The imaging was carried out at a scan
rate of 1 line/s with 512 data points/line. The amplitude change of the
probe was sufficiently low that the imaging was essentially non-
destructive to the sample. Heights ranging from 1–100 nm were esti-
mated by section analysis using the PicoScan program (Version 4.18)
without calibration. Lateral sizes in the range of 10 to 1000 nm were
calibrated using a calibration grid and standard gold colloid particles (5
and 20 nm). SPIP software (Image Metrology) was used for the roughness
analysis. We measured the roughness of the mica in the absence of the
aggregates, and it was 0.41 � 0.12 nm. Ex situ experiments were per-
formed by incubating the protein in solution as described above and
removing aliquots as a function of time. The samples (5 �l) were deposited
on freshly cleaved mica, dried, and washed twice with water prior to AFM
imaging. Images were collected with an Autoprobe CP Multiple AFM
(Park Scientific) in non-contact (tapping) mode using silicon cantilevers
with a resonance spring constant of 50 N/m and a frequency of 290–350
kHz (Park Scientific). At least three regions of each surface were exam-
ined to verify that similar structure existed throughout the sample.

RESULTS

Globular Oligomers Were the Only Aggregated Species
Formed at Low pH and Low Ionic Strength in in Situ AFM
Measurements—In situ AFM observations of SMA aggregation
on mica were performed using the AFM fluid cell. These exper-
iments were performed with protein concentration of 0.1 mg/
ml, pH 3.0, with no added salt, at room temperature, and with
no agitation. It was not possible to do in situ experiments at pH
2.0, because the magnetic cobalt and chromium coated on the
silicon nitride tips dissolved. At pH 3.0, no fibrils were found on
the mica surfaces within 32 h. However, globular oligomeric
deposits of different sizes were observed (Fig. 1). The sizes of
these aggregates were analyzed using Origin 7.0 (Originlab
Co.) with the statistical histograms shown in Fig. 1. At the
earlier times (�15 h) the data were fit to two populations of
height. Monomers and dimers of 0.81 � 0.01 and 1.8 � 0.06 nm
in height were the predominant species at early times (0.4 and
0. 9 h), whereas at 15 h small oligomers (2.4 � 0.04 and 3.8 �
0.07 nm in height) predominated. At 22 and 25 h larger oli-
gomers, 7.0 � 0.1 nm in height, were the major species. Minor
species with sizes higher than 10 nm were also seen after 22 h

FIG. 1. Images of small oligomers from in situ AFM observations of 0.1 mg/ml SMA at pH 3.0 without added salt. Images were taken
at the indicated times of 22 and 25 h. Scale bars, 1 �m. Height distributions are shown in the lower panels for images taken from 0.4–32 h. The
surface density coverage increases linearly as a function of time and is shown in the top right panel.
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of incubation. At 32 h the major species had a height of 13.0 �
0.28 nm. The surface density (coverage) of the observed oli-
gomers increased linearly as a function of time (Fig. 1).

Protein aggregation at pH 3.0 in the presence of 30 mM NaCl
was also examined by in situ AFM, yielding the images shown
in Fig. 2. Under these conditions SMA was adsorbed onto the
mica at the earliest times and more protein oligomers were
observed after 0.5 h compared with the no-salt conditions. The
salt may screen the charges of both the protein and mica
(negatively charged), which will enhance the protein adsorp-
tion. At longer time periods, globular oligomers are still the
predominant species in addition to a few fibrils (Fig. 2, circles).

Annular-shaped Aggregates Were Formed under Weakly
Acidic Condition in in Situ AFM—Topographic MAC Mode
AFM images of the SMA aggregates in the in situ experiments
at pH 4.5 are shown in Fig. 3. The donut-like oligomers appear-
ing at 8 h are the predominant associated species on the mica
surface, although a few globular oligomers and fibrils were
observed under these conditions as well (the surface area cov-
erage is 66.8% for annular oligomers, 29.8% for fibrils, and
3.4% for small spherical oligomers). Most of the donut-shaped
oligomers are intact closed circles, but a few are not closed and
are more crescent-shaped. Growth of an annular intermediate
is indicated by the yellow arrows in Fig. 3, a–e; the images show
that it arises from a semi-circular oligomer. The typical dimen-
sions of these annular oligomeric intermediates varied at dif-

ferent stages of incubation (Figs. 3 and 4), with heights of
25–50 nm, outside diameters of 240–550 nm, and inner diam-
eters of 125–130 nm. These dimensions would correspond to
�50,000 SMA molecules (assuming a monomer size of 4.0 �
2.8 � 1.3 nm3 based on the crystal structure of the closely
related light chain domain, LEN). Images were collected at
intervals of half an hour. An annular oligomer in Fig. 3b (green
arrow) was not evident in the previous image half an hour
earlier, shown in Fig. 3a. Additional rapidly growing torus-
shaped oligomers are also observed in Fig. 3, a–c, green arrows.
Comparison of the position of the toroidal intermediate indi-
cated by blue arrows in Fig. 3, a–c, as a function of time
strongly suggests lateral (two-dimensional) diffusion of the in-
termediate on the mica surface. It is possible that these annu-
lar oligomers or their precursors are formed in the solution
prior to adsorption on the mica. There is evidence for the
disappearance of annular intermediates from Fig. 3a to 3b (see
red arrows in all figures). This means that these oligomers can
also be desorbed from the mica surface.

Another group of AFM images was collected at 30-m inter-
vals after incubating SMA solution at pH 4.5 under salt-free
conditions in the fluid cell for 18 h without scanning. The
annular oligomers are the major species observed, but after a
longer period of incubation more thread-like fibrils were ob-
served (Fig. 4). The disappearance (Fig. 4, red arrows) and
appearance (green arrows) of annular-shaped intermediates
was occasionally observed, but most annular oligomers re-
mained in their same positions. In addition to the typical cir-
cular hollow toruses (Fig. 5a), a figure-eight-shaped double
“donut” was seen (Fig. 5b). Toruses with one “tail” (Fig. 5c) or
multiple tails (Fig. 5d) were also observed. Thus the annular
oligomers can be linked together or opened to give linear fibrils
(Fig. 5e), suggesting similar mechanisms for the formation of
these two kinds of ordered aggregates. It should be noted that
the experimental conditions for formation of the annular ag-
gregates are crucial because these species were only observed
at pH 4.5 at low salt, indicating the decisive roles that the
solution pH and ionic strength play in the aggregation mecha-
nism and which are tested below.

Fibrils Formed on Mica at pH 7.5 at Low Ionic Strength—At
pH 7.5 and low ionic strength, a globular oligomer formed in
the early stages of aggregation, and fibrils were observed after
30 h (Fig. 6). AFM in situ images were collected every 3 h but
failed to reveal individual fibril growth because of tip contam-
ination. AFM tips become broadened because of corrosion by
continuously scanning for a long period of incubation in the

FIG. 2. Images of globular and fibrillar aggregates from in situ
AFM observations of 0.1 mg/ml SMA at pH 3.0 in the presence of
30 mM NaCl. Images were taken at the indicated times. Scale bars, 200
nm. In the image at 6 h, the circles highlight small fibrils.

FIG. 3. Annular aggregates and
fibrils observed by in situ AFM. SMA,
0.1 mg/ml, was incubated in 20 mM ace-
tate buffer, pH 4.5, without additional
salt for 8 h before images were continu-
ously scanned at intervals of 30 min.
Scale bars, 1 �m. Green arrows show ap-
pearance of annular oligomers; red ar-
rows show disappearance of annular in-
termediates; yellow arrows show the
growth of one annular intermediate; and
blue arrows show diffusion of annular
intermediates.
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protein solution. The fibrils formed have a 7–8 nm height,
which is consistent with the mature fibrils formed in solution.

Amorphous Aggregates Are Predominant at High Ionic
Strength at pH 7.5—We found that ionic strength plays an
important role in the aggregation process in the in situ fibril-
lation experiments. At pH 7.5, 20 mM Tris-HCl buffer without
NaCl, oligomers were initially formed, followed by fibrils as
described above. When 30 mM NaCl was present in the incu-
bation solution, globular amorphous deposits with sizes from
10–16 nm were formed (data not shown).

When 100 mM NaCl was used with the same pH and concen-
tration of SMA, the protein assembled rapidly to form small
oligomers at 9–11 h and then larger spherical amorphous ag-
gregates with a height 10–280 nm after 19 h, shown in Fig. 7
along with the corresponding height profiles. Similarly, in-
creasing the ionic strength at pH 4.5 also leads to a change in
the predominant form of aggregated material from annular
oligomers and fibrils in the presence of 30 mM NaCl to amor-
phous aggregates at 100 mM NaCl (data not shown).

Oligomeric Aggregates, Not Fibrils, Were Formed at Low
Protein Concentration in Solution—The kinetics of SMA aggre-
gation in solution (without mica, i.e. no wafers) was examined
using ThT at pH 2.0. These acidic conditions were chosen
because these are the conditions for the most rapid formation
and highest yield of fibrils in solution (13). Fig. 8d shows
typical sigmoidal kinetics curves for 0.5 mg/ml SMA; direct
observation with EM and AFM confirmed the presence of amy-
loid fibrils (Fig. 9d).

A “bell-shaped” ThT curve was observed when lower protein
concentrations were used, as shown in Fig. 8, a–c. The ThT
fluorescence dropped dramatically after the initial exponential
growth phase in the ThT curve, and no plateau region was
observed. However, monitoring the reaction with light scattering
revealed a typical sigmoidal curve; no reduced intensity was
observed at the long time periods when the ThT fluorescence
dropped. Simultaneously, the length of the lag measured by ThT
decreased from 25 h at 0.5 mg/ml to 8 h at 0.2 mg/ml, and 5 h at
0.05 mg/ml; no lag was observed at 0.02 mg/ml. This inverse
dependence of fibrillation rate on protein concentration is not
common for amyloid fibrillation but in this case reflects forma-
tion of SMA dimers at higher protein concentrations and the fact
that it is the monomers that lead to fibrils. The bell-shaped ThT
kinetics profiles suggest competition between kinetic and ther-
modynamic control for fibrillar and non-fibrillar aggregates.

An aliquot was removed from the incubation solution of 0.2
mg/ml SMA at each time point and imaged by AFM. We found
oligomers (of identical size) were formed at 13 h when the
ThT signal started to increase (Fig. 10a). Subsequently the
oligomeric units associated with each other, forming a loosely
associated aggregate in two dimensions (i.e. no increase in
height) (Fig. 10b) or three dimensions (increased height as
well as width) (Fig. 10c) at the time when the ThT signal
reached its maximum. Subsequently, the larger aggregates
decreased in size to form similar-sized smaller aggregates,
some of which are distinctly crescent-shaped (Fig. 10, e
and f).

We also examined the morphology of aggregates using pro-
tein concentrations of 0.2–0.5 mg/ml. AFM images in Fig. 9
show a transition in morphology at 0.3 mg/ml, suggesting that
this is a critical concentration for fibril formation. AFM images
show the morphology is a network of fibrillar and oligomeric
aggregates. The aggregates in Fig. 9b are mostly similar to
those in Fig. 10a, whereas the species in Fig. 9c are more
similar to those in Fig. 10d. Some of the aggregates resemble
linear associations of globular oligomers that might be precur-
sors to fibrils (e.g. Fig. 9c).

FIG. 4. Annular aggregates were scanned at 30-m intervals
after incubation for 18 h under the same conditions as in Fig. 3.
Scale bars, 1 �m. Red arrows mark the disappearance of annular-
shaped intermediates. Green arrows mark the appearance of annular-
shaped intermediates; green circles represent the growth of multiple
tails from the annular intermediates.

FIG. 5. Annular and related oligomeric intermediates ob-
served by in situ AFM at pH 4.5 in the absence of salt. a, annular
oligomers. b, linked annular oligomers. c, annular oligomer with one
linear tail. d, annular oligomer with multiple tails. e, combination of
annular oligomers and fibrils. Scale bars, 200 nm.

FIG. 6. In situ AFM observation of SMA aggregates at pH 7.5
free of salt. Scale bars, 1 �m.
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FIG. 7. Amorphous aggregates were observed at pH 7.5 in 30 mM NaCl. Images were scanned after incubation of 0.1 mg/ml SMA for 19 h.
Three images were obtained by scanning different areas in the same sample. Height profiles are shown in the lower panels for corresponding image.
Scale bars, 500 nm.

FIG. 8. Kinetics of SMA fibrillation at pH 2.0 in 100 mM NaCl at 37 °C with shaking at 960 rpm were monitored by measuring ThT
fluorescence (solid circles) at 482 nm and light scattering (open circles). SMA concentrations: 0.02 mg/ml (a), 0.05 mg/ml (b), 0.2 mg/ml (c),
0.5 mg/ml (d).
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DISCUSSION

Accumulating evidence in several amyloidogenic systems
suggests that oligomeric intermediates on the aggregation
pathway may be toxic (26–29), and it has been proposed that

such intermediates may lead to cytotoxicity by forming pores in
membranes (26, 26, 29–31). In the present study we have
shown that SMA, an immunoglobulin light chain involved in
AL or light chain amyloidosis, forms aggregation intermediates

FIG. 9. AFM images of SMA aggregates formed after incubation at pH 2.0 in 100 mM NaCl, 37 °C, with shaking at 960 rpm. SMA
concentrations: 0.2 mg/ml (a), 0.3 mg/ml (b and c), and 0.5 mg/ml (d). Height profiles are shown in the lower panels for the black lines in the
corresponding image. Scale bars, 1 �m.
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with a variety of morphologies, including annular species. This
is the first time annular-shaped aggregates of light chains have
been reported. These intermediates are much larger than the
annular protofibrils reported for �-synuclein (9, 10). Although
it has been assumed that in light chain amyloidosis the forma-
tion of amyloid plaque is the pathogenic event, it is also possi-
ble that the observed annular intermediates, given their size,
could lead to the formation of pores in membranes.

Multiple Types of SMA Aggregates Were Observed under
Different Conditions of pH and Ionic Strength—The data indi-
cate that pH is a major factor affecting the aggregation mech-
anism of SMA. At pH 3.0, globular oligomeric deposits with
different sizes were the only aggregated species observed, with
heights of 0.8–13 nm depending upon incubation time. At pH
4.5, at low ionic strength, the annular aggregates were the
predominant species, whereas fibrils and amorphous deposits
predominated at high ionic strength. As the pH increased to
7.5, at low ionic strength, amorphous aggregates were the
major species. In the presence of 30 mM NaCl amorphous de-
posits were the only species observed, suggesting that neutral
pH accelerated the formation of amorphous aggregates on the
mica surface. In a control experiment, a solution of 1 mg/ml
lysozyme in pH 4.5 buffer was incubated under comparable
conditions to SMA for in situ MAC-AFM imaging. No aggre-
gates of any sort were observed.

Thus, the aggregation of SMA can lead to a variety of differ-
ent types of intermediates, ranging from small and large oli-
gomers to various types of fibrillar and amorphous aggregates.

Any or all of these structures may contribute to the pathogen-
esis of AL amyloidosis.

Comparison of Aggregates Grown on Mica and in Solution—
Previous studies of SMA aggregation in solution in the absence
of mica surfaces have shown that both fibrils and amorphous
aggregates are found, depending on the conditions (14, 32, 33).
When small wafers of mica are added to solutions of SMA at
low concentration, a number of different types of deposit are
observed on the mica (16). Table I shows a comparison of the
types of SMA aggregates formed in solution, on mica wafers
suspended in solution, and in situ in the AFM liquid cell (a
combination of mica surface and solution). In solution, typical
amyloid fibrils formed at pH 2.0–5.0, with increasing yield of
fibrils at lower pH. At pH 5.0 and 7.5, amorphous aggregates
were the predominant aggregates (13). In an ex situ experiment
focusing on the aggregates formed on the mica surface, only
oligomers assembling linearly on the mica were observed at pH
2.0. Fibrils radiating from amorphous deposits were seen at pH
5.0. At neutral pH, oligomeric aggregates appeared after 6 days
and, subsequently, larger amorphous aggregates rather than
fibrils (16). The differences between the nature of aggregates
observed on mica when SMA is incubated in the fluid cell of the
AFM compared with incubation of wafers in bulk solution
result from the different experimental conditions, namely dif-
ferent temperatures and extensive washing with water for the
samples incubated in bulk solution when the mica wafers are
prepared for AFM imaging.

A strong surface accelerating effect has been observed at pH
5.0 using ex situ AFM experiments in which wafers of mica
were suspended in solutions of very dilute SMA at 37 °C (16).
In the present study various aggregate morphologies, including
globular aggregates, annular oligomeric intermediates, fibrils,
and amorphous aggregates were observed at various pH and
ionic strength conditions. At lower pH, globular oligomeric
aggregates were the only species detected, which is consistent
with solution conditions. Annular oligomers were not observed
in solution or in the presence of mica wafers (at low pH),
consistent with the in situ AFM experiments. Attempts to grow
annular intermediates in solution and transfer them to mica
for AFM measurements were unsuccessful. In another experi-
ment, a mica wafer was suspended in the protein solution
under conditions in which the annular intermediates formed in
the in situ AFM experiments and then moved from the solution
for ex situ AFM measurements, but again no annular interme-
diates were observed. One explanation is that in solution, with-
out the constraints of the surface, the annular intermediates
rapidly are converted into linear fibrils. The images in Figs. 3
and 4 indicate that annular oligomers can be deposited on the
surface from solution or leave the surface, presumably entering

TABLE I
Comparison of the nature of SMA aggregates in solution and on mica

Ex situ refers to samples that were incubated in solution and the samples either transferred to mica and air-dried for AFM imaging or grown
on mica wafers submersed in the incubation solution. For in situ experiments, the solutions were incubated in the liquid cell of the AFM
instrument, where the protein solution is incubated over the mica that is directly imaged.

Conditions
Ex situ AFM

In situ AFM
In solutiona On micab

At high protein concentration
(0.5 mg/ml)

pH 2.0 Fibrils
pH 5.0 Amorphous aggregates
pH 7.0 Amorphous aggregates

At low protein concentration
(�0.2 mg/ml)

pH 2.0–3.0 Globular oligomers Aligned linear aggregates Globular oligomers
pH 4.5-pH 5.0 No aggregates Fibrils radiating from spherical

amorphous aggregates
Annular aggregates and fibrils

pH 7.4 No aggregates Amorphous Amorphous (high ionic strength) and
fibrils (low ionic strength)

a From Ref. 14.
b From Ref. 16.

FIG. 10. AFM images of 0.2 mg/ml SMA aggregates incubated in
solution at pH 2.0 in 100 mM NaCl, 37 °C, with shaking at 960 rpm
as a function of time. a, 13 h; b, 24 h; c, 28 h; d, 33 h; e, 40 h; f, 88 h
(corresponding to ThT kinetics curves in Fig. 8). Scale bars, 1 �m.
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the solution phase. The de novo appearance of the annular
oligomers suggests that they can exist in solution; whether
they are oligomers that desorb from the surface and rapidly
redeposit at a new location is not clear.

In Situ AFM Can Monitor the Growth of Oligomers and
Aggregates in Solution Over Time—In situ AFM permits the
observation of single oligomeric assemblies. The advantage of
MAC Mode imaging for soft samples in fluid environments is
that the cantilever is driven directly by the magnetic field. The
species imaged with the in situ AFM are those present on the
mica surface; however, they will also include species that de-
posit from the solution. Therefore, the observed species arise
from the combination of both surface and solution conditions.

Proteins, as well as their aggregates, are prone to adsorb on
mica surfaces from solution. Large amounts of protein on the
mica will lead to too great a coverage and make the imaging
very difficult; therefore, only relatively low concentrations of
protein can be used for in situ AFM observations. The protein-
concentrating effect of the surface might be responsible for the
formation of fibrils or aggregates even at very low solution
concentration. Our results suggested that the main source of
protein molecules for the growth or elongation of oligomers and
fibrils was from the solution; for example, mica wafers that
were removed from solution after a short incubation time pe-
riod and then incubated in protein-free buffer solution failed to
develop fibrils. However, assembly of large oligomers was ob-
served on the mica, indicating that lateral diffusion of adsorbed
protein on the surface might be one of the mechanisms for
the aggregation.

A ThT-positive, but Non-fibrillar, Aggregate—ThT is a rela-
tively specific dye for amyloid fibrils (34), and its interaction
with fibrils is believed to involve the �-sheet structure. Binding
to amyloid fibrils dramatically increases ThT fluorescence
around 482 nm. However, the binding of this dye is not re-
stricted to amyloid fibrils; it has been shown to exhibit signif-
icantly increased fluorescence with granular aggregates of
�-lactoglobulin (35), �-synuclein (36), a PrP fragment (37), and
A� (25).

At pH 2.0, SMA forms aggregates in solution at low concen-
tration (below 0.3 mg/ml) that have a strong ThT signal but a
bell-shaped kinetics curve (rather than the normal sigmoid,
Fig. 8) when monitored by ThT, whereas monitoring by light
scattering shows a sigmoidal curve. The morphology of the
aggregates showed that a loose association of individual oligo-
meric units was seen when the ThT signals reached their
maximum. We assume that the association of the oligomers
provides an extended region of �-structure analogous to that in
fibrils and to which ThT could bind. When these aggregates
subsequently dissociate, as observed by AFM (Fig. 10), these
are no longer the predominant structures and the ThT signal
drops, but light scattering, which is also an indicator of soluble
associated species, remains at a high level, reflecting the pres-
ence of non-ThT binding oligomers. Thus, care must be taken
when using ThT as an indicator for the presence of fibrils. An
imaging technique such as AFM is best for identifying the
morphology of aggregates.

In conclusion, the aggregation and fibrillation of the immu-

noglobulin light chain SMA involves several different aggrega-
tion intermediates with a variety of morphologies, including
annular or torus-shaped species. Our results indicate that pro-
tein aggregation can be very complex, involving a variety of
different oligomeric intermediates whose population will be
determined by the kinetic and thermodynamic competition be-
tween them.
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