
Sonication of proteins causes formation
of aggregates that resemble amyloid

PETER B. STATHOPULOS,1 GUENTER A. SCHOLZ,2 YOUNG-MI HWANG,1

JESSICA A.O. RUMFELDT,1 JAMES R. LEPOCK,3 AND ELIZABETH M. MEIERING1

1Guelph-Waterloo Centre for Graduate Studies in Chemistry and Biochemistry and 2Department of Physics,
University of Waterloo, Waterloo, Ontario N2L 3G1, Canada
3Department of Medical Biophysics and Ontario Cancer Institute, University of Toronto, Toronto,
Ontario M5G 2M9, Canada

(RECEIVED April 22, 2004; FINAL REVISION July 28, 2004; ACCEPTED August 5, 2004)

Abstract

Despite the widespread use of sonication in medicine, industry, and research, the effects of sonication on
proteins remain poorly characterized. We report that sonication of a range of structurally diverse proteins
results in the formation of aggregates that have similarities to amyloid aggregates. The formation of amyloid
is associated with, and has been implicated in, causing of a wide range of protein conformational disorders
including Alzheimer’s disease, Huntington’s disease, Parkinson’s disease, and prion diseases. The aggre-
gates cause large enhancements in fluorescence of the dye thioflavin T, exhibit green-gold birefringence
upon binding the dye Congo red, and cause a red-shift in the absorbance spectrum of Congo red. In addition,
circular dichroism reveals that sonication-induced aggregates have high �-content, and proteins with sig-
nificant native �-helical structure show increased �-structure in the aggregates. Ultrastructural analysis by
electron microscopy reveals a range of morphologies for the sonication-induced aggregates, including fibrils
with diameters of 5–20 nm. The addition of preformed aggregates to unsonicated protein solutions results
in accelerated and enhanced formation of additional aggregates upon heating. The dye-binding and struc-
tural characteristics, as well as the ability of the sonication-induced aggregates to seed the formation of new
aggregates are all similar to the properties of amyloid. These results have important implications for the use
of sonication in food, biotechnological and medical applications, and for research on protein aggregation and
conformational disorders.
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Loomis and Wood first reported the damaging effects of
ultrasound radiation on biological systems in 1927 (Wood
and Loomis 1927). In the intervening years, myriad appli-
cations of ultrasound in medicine and industry have been

developed; however, the details of ultrasound-induced dam-
age to biomolecules, especially proteins, remain poorly
characterized. Such characterization is difficult, owing to
the potentially complex mechanisms of sonication-induced
damage. These may include the formation of liquid–gas
interfaces, local heating effects, mechanical/sheer stresses,
and free radical reactions (Hawkins and Davies 2001; Ma-
son and Peters 2002). The functional native structure of
proteins is determined by the subtle balance between many
noncovalent interactions; this balance can be easily dis-
rupted by the above mechanisms, leading to protein dena-
turation and aggregation.

Many applications of ultrasound in common use today
may alter protein structures (Mason and Peters 2002). For
example, sonication is used to prepare proteinaceous micro-
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spheres of human serum albumin (Grinstaff and Suslick
1991) (e.g., Albunex and Optison); these are widely used as
ultrasound contrast agents, and are being investigated as
possible gene transfer vehicles (Li et al. 2003). Sonication is
also employed in procedures to encapsulate therapeutic pro-
teins, such as asparaginase, insulin, and erythropoietin, in
biodegradable poly(D,L-lactide-co-glycolide) microspheres
for controlled release in vivo (Bittner et al. 1998; Jiang et al.
2003; Wolf et al. 2003). These microsphere protein-loading
techniques are known to result in some protein inactivity
and aggregation (van de Weert et al. 2000). Sonication is
also used to sterilize surgical and dental instruments, for
dental descaling; in water treatment for inactivation of
chemical and biological pollutants; in the food industry for
the preparation of emulsions; and in laboratories for cell
disruption and, recently, for studies of protein conforma-
tional disorders. In these disorders, which include, for ex-
ample, Alzheimer’s disease, Huntington’s disease, prion
diseases, immunoglobulin light chain disorders and serpi-
nopathies, naturally occurring proteins are altered or mu-
tated, and the variant proteins misfold to form aggregates
that may be causative agents in the diseases (Soto 2001;
Lomas and Carrell 2002; Stefani and Dobson 2003). Soto
and coworkers have reported a new method, termed protein
misfolding cyclic amplification (PMCA), for possible diag-
nosis of prion disorders (Saborio et al. 2001; Soto et al.
2002). In PMCA, tiny quantities of prion aggregates can be
detected with high sensitivity by amplifying the aggregates
through cycles of sonication (to break existing aggregates
into smaller pieces) followed by incubation periods (in
which the small aggregates act as seeds for the formation of
new aggregate from soluble prion protein). Sonication is

also frequently used to break aggregates into smaller pieces
for seeding new aggregate growth in laboratory studies of
proteins and peptides associated with various conforma-
tional disorders, such as Alzheimer’s (Jarrett et al. 1993;
O’Nuallain et al. 2004), Huntington’s (Chen et al. 2001),
prion diseases (Saborio et al. 2001; Soto et al. 2002), and
serpinopathies (Crowther et al. 2003), as well as non-dis-
ease-associated proteins (Jarrett and Lansbury 1992;
Ramirez-Alvarado et al. 2000).

Amyloid is a common aggregate structure that has been
observed for numerous disease- and nondisease-associated
proteins (Stefani and Dobson 2003), and has been proposed
to be an alternative structure that may be adopted by all
proteins under conditions where the native state is destabi-
lized (Fandrich et al. 2001). We report here that sonication
of a range of structurally diverse proteins results in the
formation of aggregates that have tinctorial, structural, and
seeding properties similar to those of amyloid. These results
have important and far-reaching implications for the use of
sonication in medicine, biotechnology, and research.

Results

To obtain representative information on the effects of soni-
cation on proteins, a range of unrelated proteins with di-
verse structures was chosen for study (Table 1). Protein
structures included mainly �-helical (bovine serum albumin
[BSA], myoglobin), mixed �-helix and �-sheet (lysozyme,
Tm0979), and mainly �-sheet (hisactophilin, Cu/Zn super-
oxide dismutase [SOD]). Cysteine residues are a particu-
larly common site for free radical reactions in proteins

Table 1. Biochemical data for proteins subjected to sonication

Protein

Molecular
weighta

(kDa)
Number of
disulfides

Number of
free thiols

Native
secondary structureb

Aggregate
secondary structureb

ThT
increasec

(fold)

CR
shiftd

(nm)
Alpha
(%)

Beta
(%)

Random
(%)

Alpha
(%)

Beta
(%)

Random
(%)

BSA 66.4 17 1 74 11 14 38 35 26 12 528
Myoglobin 17.0 0 0 66 17 16 48 28 23 2.2 543
Lysozyme 14.6 4 0 29 42 28 16 54 31 5.4 543
Tm0979 24.0 0 0 10 57 32 10 59 31 38 526
SOD 31.8 2 0 8 59 32 9 60 31 5.3 522
Hisactophilin 13.7 0 1 6 61 32 7 61 32 29 543

a MW for native proteins, which are all monomers except for SOD and Tm0979, which are dimers. The pdb codes for the proteins are 1AO6 for human
serum albumin (structure for BSA has not been reported), 1WLA for myoglobin, 1E8L for lysozyme, 1X9A for Tm0979, 1HCE for hisactophilin, and 1SOS
for SOD.
b Percent secondary structure was estimated on DICHROWEB using the CDSSTR method (Sreerama and Woody 2000; Lobley et al. 2002); beta �
(�-strands + �-turns). Changes in �-structure for BSA, myoglobin, and lysozyme are predominantly due to augmented �-strand levels (>54, 73, and 92%,
respectively).
cThT increase was determined by dividing the fluorescence intensity at the maximum wavelength for the sonicated protein spectra by the fluorescence
intensity of the native protein spectra at the same wavelength.
dCR shift was determined by subtracting the native protein spectra from the sonicated protein spectra and determining the points of maximal spectral
difference.
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(Hawkins and Davies 2001), and play a central role in the
sonication-induced formation of human serum albumin pro-
teinaceous microspheres (Grinstaff and Suslick 1991).
Thus, proteins were chosen to have different cysteine con-
tents (Table 1): no cysteine (myoglobin, Tm0979), 1 free
thiol and 0 or 17 disulfides (hisactophilin and BSA), and no
free thiols and 2 or 4 disulfides (SOD and lysozyme). The
effects of sonication were characterized by light scattering,
binding of the dyes thioflavin T (ThT) and Congo red (CR),
measurements of protein secondary structure using circular
dichroism (CD) spectropolarimetry, determination of ultra-
structure using transmission electron microscopy (TEM),
assessing aggregate stability by denaturing gel electropho-
resis (SDS-PAGE), and examining the seeding ability of
sonicated protein solutions.

Cycle-dependence of aggregation

The conditions used herein for sonication were similar to
those used in the PMCA methodology (Saborio et al. 2001;
Soto et al. 2002); proteins were typically subjected to 40
cycles of sonication (5 pulses of 1 sec) followed by incu-
bation periods (1 min). After 40 rounds of sonication, small
amounts of visible precipitate were observed in all the pro-
tein solutions. Using this protocol >90% of the protein re-
mained in solution after sonication, based on measurements
of supernatant protein concentration after centrifugation of
sonicated solutions. The relationship between the extent of
sonication and amount of protein aggregation was investi-
gated by measuring 90° light-scattering intensity and ThT
binding as a function of number of sonication cycles (Fig.
1). The formation of protein aggregates that are large rela-
tive to the wavelength of incident light results in scattering
of light; aggregate formation can also be monitored by en-
hanced fluorescence upon binding of ThT (see following
section). A linear dependence was observed between light-
scattering intensity and the number of sonication cycles or
ThT fluorescence (Fig. 1A,B), suggesting that the amount
of sonication-induced aggregation is proportional to the ex-
tent of the sonication treatment. To investigate the contri-
bution of aggregate size to the total light scattering intensity
as a function of sonication cycle number, additional dy-
namic light scattering (DLS) and TEM experiments were
performed. The distribution of particle sizes measured by
DLS (Fig. 1C) and the particle sizes and morphologies ob-
served by TEM (data not shown) do not change signifi-
cantly above 5 sonication cycles, consistent with amount of
aggregate formation being proportional to the number of
sonication cycles.

Thioflavin T and Congo red binding to aggregates

ThT (LeVine 1999) and CR (Klunk et al. 1999) are standard
dyes used to monitor the formation of amyloid structure.

Amyloid binding to ThT causes a marked enhancement of
ThT fluorescence, while binding to CR causes a red shift in
the absorbance spectrum of the dye and green-gold birefrin-
gence of aggregates under polarized light. ThT fluorescence
of amyloid is typically measured using an excitation wave-
length of 440 nm, giving an emission maximum at ∼482 nm.
The proteins studied here do not absorb significantly in this
wavelength range, except for myoglobin, in which the heme
cofactor has significant absorbance (maximum at 407–410
nm). As a consequence, ThT fluorescence enhancement for
myoglobin may be underestimated; consistent with this, the

Figure 1. (A) Cycle number-dependence of sonication-induced protein
aggregation of BSA. Light scattering increased in a linear fashion with
increasing number of sonication cycles from 0 to 80 cycles (r � 0.995).
(B) Correlation between ThT fluorescence and light scattering for BSA.
ThT fluorescence increased in a strong linear fashion with amount of
protein aggregate as determined by light scattering (r � 0.989). (C) Dis-
tribution of apparent hydrodynamic diameters of BSA as a function of
sonication cycle number as determined by DLS. The unsonicated protein
solution had a relatively low polydispersity with an effective diameter of
∼3 nm, as expected for monomeric BSA. At 5 cycles, correlation function
deconvolution shows the persistence of a distribution corresponding to
monomeric BSA along with a larger aggregate distribution (>100 nm). The
range of sizes is relatively unchanged between 10 and 80 cycles.

Protein sonication produces amyloid-like aggregate
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fluorescence values for both unsonicated and sonicated
myoglobin are relatively low (Fig. 2; Table 1). Sonication
caused significant enhancement of ThT fluorescence for all
the proteins studied, ranging from 2.2-fold enhancement for
myoglobin to 38-fold for Tm0979 (Fig. 2; Table 1). These
enhancements are comparable to the 2–60-fold enhance-
ments reported for amyloid and other amyloid-like fibrils
(Ismail et al. 1992; LeVine 1993; Schmittschmitt and
Scholtz 2003).

To investigate whether the different levels of ThT en-
hancement are related to a different mode of ThT binding by
different aggregates, a ThT titration was conducted on ag-
gregates of an all-� protein (BSA) and an all-� protein
(SOD) (Fig. 3). The titration data transformed as Scatchard
plots are linear for aggregates of both proteins, consistent
with a single type of binding site in both cases. The apparent
dissociation constants (Kd) and magnitudes of the fluores-
cence enhancements for both proteins agree within an order
of magnitude, suggestive of roughly similar binding modes.
Interestingly, however, ThT appears to bind more tightly
upon binding to aggregates of the all-� protein.

Bright-field microscopy of aggregates treated with CR
showed that aggregates of all the proteins bind the dye (Fig.
4, left panels) and exhibit birefringence under cross-polar-
ized light (Fig. 4, right panels). The birefringence varies
somewhat in color, but is often green-gold, as is character-
istic for CR binding to amyloid (Westermark et al. 1999).
Upon incubation of protein solutions for longer periods of
time after sonication, further aggregate assembly was ob-
served, as evidenced by increased formation of large tangles

of fibrillar aggregates with strong birefringence (Fig. 4G–I),
with a concomitant decrease in sample turbidity. The more
pronounced birefringence in these samples is likely due to
the changes in sample thickness, which is a critical deter-
minant of CR birefringence (Wolman and Bubis 1965).
Spectral shifts for CR upon aggregate binding were found to
be maximal at 526–543 nm (Fig. 5; Table 1). These shifts
are similar to the characteristic maximum difference at ∼541
nm observed for amyloid (Klunk et al. 1999), and the dif-
ferential absorbance values are comparable to levels ob-
served for other amyloid and amyloid-like fibrils (Gross et
al. 1999; Chiti et al. 2001; Sirangelo et al. 2002; Koscielska-
Kasprzak and Otlewski 2003).

Secondary structure of aggregates

Amyloid has a characteristic “cross-�” structure, in which a
fibrillar structure is formed by �-strands that run perpen-
dicular to the axis of the fibril (Sunde and Blake 1997). A
change in CD spectrum characteristic of increased �-struc-
ture has been observed when various native proteins, in-
cluding myoglobin (Fandrich et al. 2001) and lysozyme
(Goda et al. 2000), convert to an amyloid structure. Sec-
ondary structure analysis of CD spectra of the native pro-
teins studied here and of the aggregates formed after soni-
cation is given in Table 1. For the proteins that contain
substantial helical structure in the native state (myoglobin,

Figure 2. ThT fluorescence enhancement properties of sonicated proteins.
ThT fluorescence emission spectra are shown for solutions with no added
protein (···), native protein at 1 mg/mL (———), or sonicated protein at 1
mg/mL (– – –). (A) BSA. (B) Myoglobin. (C) Lysozyme. (D) Tm0979. (E)
Hisactophilin. (F) SOD.

Figure 3. ThT binding properties of sonicated proteins. ThT titration
curves are shown for sonicated protein solutions at 0.1 mg/mL (open
circles). The solid lines represent the hyperbolic fits to the data. Insets are
Scatchard-like transformations of the data (filled circles). Scatchard data
were fit well by linear regression (solid lines) for both (A) BSA
(r � 0.900) and (B) SOD (r � 0.950). Apparent Kd values determined by
both analyses indicate a greater affinity of ThT for SOD (an all-� native
protein) than for BSA (an all-� native protein) (Kd of 3.5 �M vs. 22 �M,
respectively).
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BSA, and lysozyme), sonication causes an increase in
�-structure with a concomitant decrease in �-helical struc-
ture. For the proteins with predominantly �-features in na-
tive CD spectra (SOD, hisactophilin, Tm0979), spectral
changes upon sonication are less pronounced, and there is
little apparent change in secondary structure.

Ultrastructure of aggregates

The ultrastructure of the sonication-induced aggregates was
investigated by TEM; typical structures are shown in Figure
6. For all the proteins studied, the aggregates exhibit a range
of morphologies, including apparently amorphous struc-
tures (Fig. 6, left panels) and fibrillar species (Fig. 6, right
panels). The structures of these aggregates have a strong
resemblance to structures reported for other unsonicated and
sonicated amyloid aggregates (O’Nuallain et al. 2004). Fi-
bril diameters are typically between ∼5 and 20 nm (Fig. 6,
right panels), and fibrils are often observed in bundles (Fig.
6D–F). Within the 20 nm fibrils, coiling together of thinner
fibrils is often apparent. These structures and diameters are
similar to those reported for amyloid fibrils (Sunde and
Blake 1997).

Figure 4. CR birefringence of sonicated proteins. Bars are 100 �m. A–F
are CR samples prepared on the same day that proteins were sonicated; G–I
were prepared after incubating sonicated proteins at ambient temperature
for 14, 5, and 30 d, respectively. (A) BSA. (B) Myoglobin. (C) Lysozyme.
(D) Tm0979. (E) Hisactophilin. (F) SOD. (G) BSA. (H) Tm0979. (I)
Hisactophilin. Continued assembly was apparent for all the sonication-
induced aggregates; however, the BSA, Tm0979, and hisactophilin (G–I)
samples were the most marked by Congo red polarizing light microscopy.

Figure 5. Spectral shifts induced in CR by sonicated proteins. CR absor-
bance spectra acquired with a 0.3-cm path length cuvette are shown for
solutions with no added protein (···) and solutions containing native
(———) or sonicated (– – –) protein at 1 mg/mL. Insets show difference
spectra obtained by subtracting the spectra of native protein solutions from
those of sonicated protein solutions. (A) BSA. (B) Myoglobin. (C) Lyso-
zyme. (D) Tm0979. (E) Hisactophilin. (F) SOD.
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Aggregate stability

Amyloid fibrils and associated structures are generally very
stable and resistant to resolubilization through various

physical and chemical treatments, such as heat, reducing
agents, and detergents (Glover et al. 1997; Scherzinger et al.
1997; Tanaka et al. 2002; Stefani and Dobson 2003). The
aggregates formed here by sonication also appear to be very
stable. Aggregates pelleted by centrifugation and resus-
pended in buffer did not redissolve over a timescale of
weeks. The stability of pelleted aggregates was also tested
by SDS-PAGE of samples boiled in buffer containing 7 M
urea, 2% (w/v) of the detergent SDS, and in the presence
and absence of the reducing agent, 5% (v/v) �-mercapto-
ethanol. Substantial quantities of aggregate did not redis-
solve, and could be observed visually in the boiled samples.
There appeared to be some limited resolubilization of the
aggregates, because weak bands were observed at molecular
weights corresponding to the monomer, after silver staining
(data not shown). However, the observed monomeric bands
may have been the result of protein adhering to or trapped
within pellets, despite extensive washing prior to experi-
ments.

Seeding with sonicated protein

Amyloid aggregates have been shown to act as seeds for the
formation of new aggregate from soluble protein (Rochet
and Lansbury 2000). In general, seeding effects tend to
increase with increasing temperature, although they have
been reported to decrease again at temperatures well above
the thermal melting points of proteins (Ramirez-Alvarado et
al. 2000; Fandrich et al. 2003). Seeding of further aggregate
formation by sonication-induced aggregates was investi-
gated by incubating native proteins at various temperatures
in the presence and absence of aggregates and monitoring
aggregate formation by ThT fluorescence (Fig. 7). Small
increases in ThT fluorescence were observed for proteins
incubated in the absence of aggregates; this is consistent
with previous studies showing formation of amyloid at el-
evated temperatures by various proteins including myoglo-
bin (Fandrich et al. 2003) and lysozyme (Morozova-Roche
et al. 2000). When proteins were incubated in the presence
of aggregates, the increases in ThT fluorescence were larger
in magnitude and occurred more rapidly than in the absence
of aggregates (Fig. 7). The enhancement and acceleration of
aggregation generally increased with increasing temperature
at temperatures below the thermal melting point of the pro-
teins, and then decreased as temperature was increased fur-
ther. Thus, sonication-induced aggregates appear to seed the
formation of further amyloid-like aggregates from soluble
protein in a similar way to that observed for amyloid ag-
gregates.

Discussion

Does sonication induce formation of amyloid?

Based on various probes of structure (binding of ThT and
CR, CD, and TEM) the sonication of many different pro-

Figure 6. TEM of representative sonication-induced amorphous (left) and
fibrillar (right) aggregates. Bars are 200 nm. (A) BSA. (B) Myoglobin. (C)
Lysozyme. (D) Tm0979. (E) Hisactophilin. (F) SOD.
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teins results in the formation of aggregates with properties
similar to those of amyloid. Furthermore, the sonication-
induced aggregates resemble amyloid with respect to their
high stability against resolubilization upon treatment with
heat, detergent, and reducing agent (Glover et al. 1997;
Scherzinger et al. 1997; Tanaka et al. 2002; Stefani and
Dobson 2003), and their ability to enhance and accelerate
further aggregation (Harper and Lansbury 1997). These are
striking results, particularly considering that the proteins
studied have unrelated and diverse sequences and struc-
tures. It should be noted that, given the low resolution of the
structural probes and the range of aggregate morphologies
observed by TEM, there may be considerable variability in
the structural details of the aggregates formed by the dif-
ferent proteins, and not all of the aggregates formed within
each sample are necessarily amyloid-like. Also, it has been
shown that various types of aggregates have high �-sheet
content, which may or may not be related to the �-structure
found in amyloid (Fink 1998; Dong et al. 2000). The char-
acterization of amyloid and other aggregate structures is
difficult because these species are not readily amenable to
high resolution structural analysis and are often heterog-
eneous; however, the data obtained here using various stan-
dard measures of amyloid formation are consistent with
sonication causing significant formation of amyloid aggre-
gate. Furthermore, the formation of amyloid by many dif-
ferent proteins upon sonication is consistent with the fact

that a large number of proteins with diverse structures, in-
cluding both disease and nondisease associated proteins, are
able to form amyloid (Stefani and Dobson 2003).

Mechanisms of sonication-induced protein aggregation

Amyloid has been proposed to be a generic structure that
can be adopted by all proteins under conditions where the
native state is destabilized (Fandrich et al. 2001). Partial or
complete unfolding of the native state is generally believed
to be required for amyloid formation (Fink 1998; Kelly
1998; Rochet and Lansbury 2000; Fandrich et al. 2003).
Amyloid formation in vitro can be enhanced by decreasing
protein stability through changes in protein covalent struc-
ture, increased temperature, extreme pH, and addition of
alcohols. Similarly, sonication may also enhance unfolding
and amyloid formation by destabilizing proteins through
various chemical and physical processes.

Sonication produces gas bubbles which collapse, in a
process known as cavitation, creating extremely high local
temperatures, high sheer forces, and the free radicals H· and
OH· from sonolysis of water. Proteins may be destabilized
at the air–liquid interface of sonication-induced bubbles
(Satheeshkumar and Jayakumar 2002). The extremely reac-
tive OH· radical undergoes various reactions resulting in
formation of other reactive oxygen species, such as H2O2

and O2
−. Reactive oxygen species react with many different

chemical moieties on proteins, producing protein radicals,
which then undergo further reactions such as oxidation,
chain reactions, crosslinking, and cleavage reactions
(Hawkins and Davies 2001), which are likely to decrease
protein stability. Formation of nonnative disulfide bonds is
one example of a destabilizing chemical modification
(Senisterra et al. 1997) that may be particularly relevant for
amyloid formation (Lee and Eisenberg 2003). In prelimi-
nary experiments, the effects of free radical reactions were
investigated by sonicating hisactophilin and BSA, which
both contain a single free thiol and either zero or 17 disul-
fide linkages, respectively (Table 1), in the presence of the
cellular free radical scavenger, reduced glutathione (GSH).
With GSH present, aggregation was significantly decreased
for hisactophilin, but not for BSA (data not shown). This
suggests some involvement of free radical reactions in ag-
gregate formation for at least some proteins.

Additional consequences of sonication that may cause
protein unfolding and enhance aggregation are high tem-
perature and mechanical forces (Mason and Peters 2002).
Physical shearing may disrupt the native fold but leave sec-
ondary structural elements intact (Carrion-Vazquez et al.
2000) and thereby enhance intermolecular interactions and
aggregation. Significant secondary structural change upon
sonication-induced aggregation is not observed by CD for
proteins with high levels of �-structure, while native �-he-
lical proteins undergo a conversion to increased �-structure

Figure 7. Seeding characteristics of sonication-induced aggregates. (A)
BSA, (B) myoglobin, and (C) lysozyme, incubated at 50°C, 45°C, and
65°C, respectively, with corresponding apparent maxima for differential
scanning calorimetry thermal unfolding transitions of unsonicated native
protein being 64°C, 80°C, and 73°C. Seeded samples (black bars) exhibited
a greater absolute increase in ThT binding and fluorescence as well as more
rapid increase in ThT fluorescence compared to the unseeded samples
(gray bars).
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upon aggregation. Sonication-induced aggregation of the
all-� proteins examined may involve the unfolding of pro-
tective features, uncovering of �-strands, and association of
these exposed strands into aggregates, while �-helical pro-
teins may undergo a more significant rearrangement in sec-
ondary structure upon aggregation. The requirement of
�-helical proteins to undergo major structural changes upon
amyloid-like aggregation may contribute to the apparent
differences in ThT affinity and fluorescence enhancement
between aggregates from �-helical and �-sheet proteins.
Studies are in progress to investigate this phenomenon fur-
ther.

Some of the proteins studied here have been found pre-
viously to form aggregates that may resemble amyloid.
Heating causes increased �-structure formation and gelation
for BSA (Clark et al. 1981b), lysozyme (Clark et al. 1981b),
and myoglobin (Dong et al. 2000; Meersman et al. 2002).
TEM characterization of protein gels has revealed a range of
structures, including networks of fibrils (Clark et al. 1981a;
Kavanagh et al. 2000). Cysteine-mediated free radical reac-
tions induced by ultraviolet light also result in gelation and
increased �-sheet formation for BSA (Wei et al. 2003).
Lysozyme has been shown to form amyloid fibrils upon
heating at low pH (Krebs et al. 2000) and addition of etha-
nol (Goda et al. 2000), and myoglobin also forms amyloid
fibrils upon heating at high pH (Fandrich et al. 2001). The
common aspect in all of these studies is that aggregation,
gelation, and/or fibril formation occur under conditions
where the native state is destabilized. This suggests that
sonication may also cause formation of amyloid-like aggre-
gates due to protein destabilization through the various
physical and chemical mechanisms discussed above. Stud-
ies are needed to elucidate further details of the mechanisms
involved in sonication-induced aggregation.

Implications of sonication-induced protein aggregation

This study has important and far-reaching implications for
the use of ultrasound in research and in medical and bio-
technological applications. Different types of amyloid struc-
tures, for example in prion strains (Prusiner 1998; Uptain
and Lindquist 2002), as well as aggregates distinct from
amyloid, for example in serpinopathies (Lomas and Carrell
2002), are biologically relevant. When employing sonica-
tion to study protein misfolding, care must be taken to avoid
generating potentially irrelevant amyloid-like structures.
Once generated, such aggregates may induce the formation
of further aggregates with the same structural characteris-
tics, as has been proposed to occur in different mammalian
and yeast prion strains (Prusiner 1998; Uptain and Lindquist
2002). For the proteins studied here, there is evidence for
further assembly of sonication-induced aggregates with
time and for acceleration of aggregation of native protein by
sonication-induced aggregates. If further assembly of soni-

cation-induced aggregates or seeding of further aggregation
by sonication-induced aggregates can also occur in vivo,
this may give rise to immunogenicity, toxicity, or even dis-
ease. For proteinaceous and protein-loaded microspheres,
purification procedures relying on centrifugation, dialysis,
or filtration (Wong and Suslick 1995; Zambaux et al. 1999;
Avivi et al. 2001; Kang and Singh 2003) may be ineffective
at removing aggregates similar in size to microspheres, co-
valently linked to microspheres or trapped within micro-
spheres. Therefore, care should be taken to monitor and
control the formation of aggregates when employing soni-
cation for basic research, food, biotechnology, and medical
applications.

Materials and methods

Reagents

CR, ThT, horse heart myoglobin and hen egg white lysozyme were
purchased from Sigma. HEPES and BSA were from BioShop.
Recombinant hisactophilin and human cytosolic SOD were pre-
pared as described previously (Liu et al. 2001; Stathopulos et al.
2003). Tm0979 is a predicted protein from Thermotoga maritima
(Nelson et al. 1999). It was expressed with a 20 amino acid affin-
ity-tag in BL21-(Gold �DE3) Escherichia coli cells, and purified
by cell lysis through a french press, followed by nickel column
affinity chromatography at pH 8.5 (Yee et al. 2002). The purified
Tm0979 was then concentrated and exchanged into water by ul-
trafiltration, flash frozen, and stored at −80°C.

Sonication

Filtered (20 nm filter, Anatop 10, Whatman Ltd.) protein solutions
were prepared at 3 mg/mL in 20 mM HEPES (pH 7.8), then
sonicated using a W 225R probe sonicator with a standard tapered
microtip attached to a 1/2� disruptor horn (Heat Systems, Ultra-
sonics, Inc.). The instrument frequency was 20 kHz, and the power
output was set to deliver a maximum of 30 watts. Solutions were
sonicated at ambient temperature for 5 to 80 cycles, where each
cycle consisted of 5 pulses of 1 sec followed by 1-min incubation
time at ambient temperature. All experiments were performed
within 20 min following the sonication procedure, unless other-
wise stated.

Static and dynamic light scattering

Ninety degree light-scattering measurements on samples diluted to
1 mg/mL in 20 mM HEPES (pH 7.8) were performed at 445 nm
using excitation and emission slit widths of 1 and 5 nm, respec-
tively, on a Fluorolog3-22 spectofluorometer (Jobin Yvon-Spex,
Instruments S.A., Inc.). DLS measurements were made on a
Brookhaven 90 Plus particle sizer (Brookhaven Instruments, Inc.).
The wavelength of incident light was 678 nm, with a nominal
power of 20 mW, and a scattering angle of 90°. Samples were
analyzed at 1 mg/mL, 20 mM HEPES (pH 7.8), 25°C. Three
correlation functions, each being the average of 10 consecutive
measurements, were deconvoluted using the cumulants (quadratic)
method (Koppel 1972) for apparently monodisperse solutions (0
sonication cycles) or using the CONTIN method (Provencher
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1982) for polydisperse solutions (5 to 80 sonication cycles). Cor-
relation functions were fit using a measured baseline and a distri-
bution of hydrodynamic diameters between 0.5 to 5000 nm.

Thioflavin T enhancement

Samples were diluted to 1 mg/mL protein in 75 �M ThT, 20 mM
HEPES (pH 7.8), and fluorescence emission spectra were acquired
immediately using an excitation wavelength of 440 nm and exci-
tation and emission slit widths of 1 and 5 nm, respectively. Spectra
of samples with no ThT were subtracted from the spectra for
corresponding samples containing ThT. Sonicated protein at 0.1
mg/mL was titrated with ThT, and the data were fit to a hyperbolic
function using Microcal Origin 5.0 (Microcal Software, Inc.),
where the measured fluorescence intensity � ([ThT] × fluorescence
maximum)/([ThT] + Kd). Scatchard-like plots were prepared by
assuming that nearly all of the ThT was in an unbound form and
that all bound ThT molecules had the same fluorescence, as pre-
viously described (Naiki et al. 1989). Hence, bound/free was
represented as fluorescence intensity divided by total ThT con-
centration. Apparent Kd values obtained from the hyperbolic data
fits were confirmed by linear regression of the transformed
data, where Kd � −1/slope. Data were acquired using a Fluoro-
log3-22 spectofluorometer (Jobin Yvon-Spex, Instruments S.A.,
Inc.) at 25°C.

Congo red birefringence

Protein solutions diluted to 1 mg/mL were incubated in 50 �M CR
(Chiti et al. 2001; Srisailam et al. 2002; Bouma et al. 2003), 20
mM HEPES (pH 7.8) for 2 h, then centrifuged for 10 min at
16,000g. Pellets were resuspended in water and 10 �L of the
suspension were air dried on a glass microscope slide. Specimens
were viewed at 400× magnification with a Nikon E400 polarizing
microscope. Digitized images were obtained using a Nikon
COOLPIX 995 digital camera.

Congo red spectral shift

Protein solutions diluted to 1 mg/mL were incubated in 50 �M CR
(Chiti et al. 2001; Sirangelo et al. 2002; Srisailam et al. 2002), 20
mM HEPES (pH 7.8) for 20 min. Absorption spectra were ac-
quired using a Cary 1Bio UV/visible spectrophotometer (Varian)
at 25°C and a scan rate of 300 nm/min with a 0.3-cm path length
cuvette. For all samples, spectra of corresponding solutions with-
out CR were used as blanks.

Circular dichroism

Protein solutions were prepared at final concentrations of 1 or 2
mg/mL in 5 mM HEPES (pH 7.8). Aggregate solutions were pre-
pared by centrifuging sonicated protein solutions at 16,000g for 10
min and resuspending the resulting pellets in water. Data were
obtained using a J715 CD spectropolarimeter (Jasco), at 25°C,
with a 0.01-cm path length cell, a 50-nm/min scan rate and a 2-nm
bandwidth. Spectra were an average of 25 scans from 178 to 260
nm. Secondary structure was estimated on the DICHROWEB
Web site using the CDSSTR method (Sreerama and Woody 2000;
Lobley et al. 2002).

Transmission electron microscopy

Sonicated protein solutions at 0.1 mg/mL were incubated on 400-
mesh carbon-coated formvar copper grids (Marivac, St. Laurent,
Quebec) for 6 min. Excess solution was drawn off using filter
paper, grids were air dried, then stained for 5 sec with 2% (w/v)
uranyl acetate. Specimens were viewed with a Philips CM20 elec-
tron microscope at an accelerating voltage of 200 kV. Images were
digitized using a Gatan 679 slow-scan CCD camera and analyzed
using DIGITALMICROGRAPH (version 2.1, Gatan).

Seeding experiments

Filtered control solutions contained 3 mg/mL protein in 20 mM
HEPES (pH 7.8). These solutions were seeded with 20% (v/v)
sonicated protein solution. Samples were agitated continuously
using a magnetic stir bar during incubation at various tempera-
tures. Aggregation was monitored by removing aliquots, adding
ThT to a final concentration of 75 �M, and measuring fluores-
cence immediately, as described above. The apparent melting
point for thermal unfolding transitions was determined by differ-
ential scanning calorimetry of the control protein solutions.
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