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ABSTRACT: For nearly four decades, the formation of
amyloid fibrils by the inflammation-related protein serum
amyloid A (SAA) has been pathologically linked to the disease
amyloid A (AA) amyloidosis. However, here we show that the
nonpathogenic murine SAA2.2 spontaneously forms margin-
ally stable amyloid fibrils at 37 °C that exhibit cross-beta
structure, binding to thioflavin T, and fibrillation by a
nucleation-dependent seeding mechanism. In contrast to the high stability of most known amyloid fibrils to thermal and
chemical denaturation, experiments monitored by glutaraldehyde cross-linking/SDS-PAGE, thioflavin T fluorescence, and light
scattering (OD600) showed that the mature amyloid fibrils of SAA2.2 dissociate upon incubation in >1.0 M urea or >45 °C.
When considering the nonpathogenic nature of SAA2.2 and its ∼1000-fold increased concentration in plasma during an
inflammatory response, its extreme in vitro amyloidogenicity under physiological-like conditions suggest that SAA amyloid might
play a functional role during inflammation. Of general significance, the combination of methods used here is convenient for
exploring the stability of amyloid fibrils that are sensitive to urea and temperature. Furthermore, our studies imply that analogous
to globular proteins, which can possess structures ranging from intrinsically disordered to extremely stable, amyloid fibrils formed
in vivo might have a broader range of stabilities than previously appreciated with profound functional and pathological
implications.

The aggregation of proteins into amyloid fibrils has been
linked to a number of protein misfolding diseases, such as

Alzheimer’s, Parkinson’s, type II diabetes, and prion disorders.1

Although originally identified as a potentially pathological
protein aggregate, the observation that many structurally
diverse proteins can be induced to form amyloid fibrils suggests
that they are a generally accessible type of protein structure.2

The common occurrence of amyloid fibrils in nature is further
supported by growing evidence that they are involved in a wide
range of biological functions.3−5 To date, over a dozen
functional amyloids have been identified in organisms ranging
from bacteria to mammals, and the number is likely to grow
significantly.4 Therefore, despite their common characteristics,
including fibrillar morphology, cross-β-sheet structure, high
binding affinity to thioflavin T (ThT), and aggregation by a
seeding mechanism, the functional diversity of amyloid fibrils
suggests that they might have a greater range of stability than
previously appreciated.
It has been shown that disease-related amyloid fibrils are

usually very resistant to denaturants, often requiring harsh
solvent conditions for their complete dissociation.6−10 Perhaps
the best example of hyperstable fibrils are those formed by
insulin and the Ure2p prion protein, which require over 100 °C
for their complete dissociation.11,12 A recent study showed that
a series of amyloid fibrils from different proteins and peptides

are more thermodynamically stable than the precursor
protein,13 supporting the long-standing assumption that
amyloid fibrils are more stable than globular proteins and
exist in an energy minimum of the folding energy landscape.8,14

Thus, it appears that globular proteins are generally metastable
in relation to amyloid fibrils.13 Indeed, the most common
method for inducing globular proteins to form amyloid fibrils
involves using low pH, high temperature, or modest
concentrations of denaturants, resulting in fibrils that are
biased toward higher stability. However, there are cases where
fibrils seem to be metastable. A notable example is A-beta
fibrils, which dissociate via monomer release when the
concentration of A-beta is lowered below the critical monomer
concentration for fibrillation.15 It has also been shown that
huntingtin-exon 1 fibrils formed at 4 °C are more thermolabile
and susceptible to mechanical shear.16 Other studies have
shown that some amyloid fibrils, including those formed by
beta microglobulin,17 lysozyme,18 and an N47A mutant of the
alpha spectrin SH3 domain,19 have sensitivity to denaturants
that are similar to those exhibited by globular proteins.
Therefore, it seems that the high stability often observed for
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amyloid fibrils formed in vitro might not accurately represent
the range of amyloid stability that might exist in nature.
In this study, we probed the resistance toward thermal and

chemical denaturation of mature amyloid fibrils formed by mice
serum amyloid A (SAA) 2.2 under physiologically relevant
conditions. SAA is a major class of acute phase reactant
proteins, whose concentration in serum increases up to 1000-
fold upon a pro-inflammatory stimulus.20,21 It is well-known
that persistently high levels of SAA during chronic inflamma-
tory disease (e.g., rheumatoid arthritis) or recurrent acute phase
response (e.g., tuberculosis) can occasionally result in amyloid
A (AA) amyloidosis (also known as reactive amyloidosis), a
disease in which mainly N-terminal fragments of SAA form
amyloid deposits in various organs.22 In mouse models of AA
amyloidosis, a dramatic increase in the expression of SAA2.1
and SAA1.1 isoforms occurs in mice exposed to inflammatory
reagents,21,23 but the latter predominate in the amyloid
deposits.24 The CE/J mouse strain only produces the SAA2.2
isoform, and it was found to be nonpathogenic.25,26

Interestingly, although SAA2.2 is nonpathogenic in vivo, we
have previously shown that it is an extremely amyloidogenic
protein, spontaneously forming fibrils in vitro at 37 °C and pH
7.4.27 Here, the amyloid nature of mature SAA2.2 fibrils was
further characterized, and their stability was probed by exposing
them to a range of temperatures or urea concentrations. Our
results show that SAA2.2 amyloid fibrils formed at 37 °C, and
at SAA concentrations that mimic an inflammatory response,
were denatured at modest temperature and urea concentration
that would be tolerated by most globular proteins. The
marginal stability of SAA2.2 fibrils has implications for SAA
function and suggests that amyloid fibrils formed in vivo might
possess a wide range of intrinsic stability.

■ EXPERIMENTAL PROCEDURES
SAA2.2 Expression/Purification and Preparation of

SAA2.2 Fibrils. The murine SAA2.2 cDNA was ligated into a
pET21-a(+) vector between the Nde1 and BamH1 sites and
transformed into E. coli strain BL21 (DE3) pLysS competent
cells as previously described.28 SAA2.2 expression and
purification were done as previously described.29 The refolding
of SAA2.2 hexamer was achieved by dialyzing SAA2.2 (1−2
mg/mL, in 6 M urea) against 20 mM Tris-HCl buffer (pH 8.0)
in the cold room overnight followed by storing at 4 °C over a
week. The SAA2.2 sample was then transferred to a vial, and
after adjusting the pH to 7.4, it was incubated at 37 °C without
agitation for 2−3 weeks to make mature SAA2.2 fibrils. The
fibrils were stored at 4 °C with 0.02% NaN3.
Atomic Force Microscopy (AFM). A 20 μL aliquot of

fibril solution was diluted 20-fold to ∼0.1 mg/mL, applied to a
freshly cleaved mica surface and incubated for 15 min, and then
gently rinsed with 2−3 mL of Milli-Q water to remove the extra
fibril layers. Excess water was dried with nitrogen flow for 5 min
before imaging. AFM images were obtained at RT using a
MFP-3D atomic force microscope from Asylum Research
(Santa Barbara, CA), operating in tapping mode in air. Si
cantilevers (AC240TS, Olympus) with a spring constant of 2
N/m and tip radius less than 10 nm were used. Image analysis
was performed with the Igor Pro 5.0 image-processing package
(WaveMetrics, Inc., Portland, OR).
Circular Dichroism (CD). Far-UV CD spectra were

recorded using an OLIS CD instrument (Bogart, GA). A
solution of 0.1 mg/mL of SAA2.2 fibrils or SAA2.2 hexamer
was prepared in 20 mM PB buffer (pH 7.4) in a 10 mm quartz

cell. The wavelength spectra were collected from 190 to 260
nm at 20 °C with a bandwidth of 1 nm and a time constant of
1.0 s. The data represent averages of six consecutive scans, after
buffer baseline subtraction at 255 nm.
X-ray Diffraction. A droplet of SAA amyloid fibril solution

(0.1−0.2 mg/mL) was placed between two wax filled capillary
tubes arranged less than 1 mm apart, and the solution was
allowed to dry to form a partially aligned fibril sample as
previously described.30 X-ray diffraction data were collected
using a Rigaku rotating anode (CuKalpha) and RAxis 4++
detector with specimen to detector distance of 160 cm and
exposure times of 10−20 min. X-ray diffraction patterns were
examined using the CCP4 program Mosflm.31

Thioflavin T (ThT) Binding Assay. Preformed SAA2.2
fibril solutions were diluted with filtered Tris-HCl buffer (pH
7.4) to a final concentration of 0.1−0.2 mg/mL and incubated
at the relevant temperature. For thermal stability experiments, a
vial of 1 mL diluted fibril suspensions was incubated at different
temperatures (20−85 °C) for 30 min. At each temperature
point, aliquots of 30 μL of the diluted fibril suspension were
mixed with 340 μL of 50 mM glycine−NaOH buffer (pH 8.5)
and 30 μL of 100 μM ThT (Sigma) in a quartz cell (10 mm
path length) to a total volume of 400 μL. The sample was then
excited at 440 nm, and a 60 s time scan of the ThT fluorescence
at 485 nm was recorded at 20 °C using a F-4500 Hitachi
(Danbury, CT) fluorescence spectrophotometer. The slit
lengths were set at 5.0 nm for excitation and 10 nm for
emission. A working fibril suspension with absolute unit of ThT
fluorescence signal around 100 AU was designed in each
experiment to ensure a constant fibril concentration during
ThT fluorescence measurements. Fibrils were concentrated by
spinning down at 5000 rpm for 1 min, removing some of
supernatant, and resuspending the fibrils.
Glutaraldehyde Cross-Linking (GCL)/SDS-PAGE To

Monitor Fibril Denaturation. Aliquots of 30 μL SAA2.2
fibrils (0.1−0.2 mg/mL) were incubated at various temper-
atures or concentrations of urea for 30 and 10 min, respectively.
Each aliquot was incubated for 10 min in 0.7% (v/v, final
concentration) glutaraldehyde (Sigma), and the cross-linking
reaction was quenched by adding Tris-HCl (pH 6.8) to a final
concentration of 0.1 M. The cross-linked samples were then
analyzed by 14% SDS-PAGE, and the gel bands were quantified
via ImageQuant TL (v2003, Amersham Biosciences Ltd., UK).
Light Scattering. After incubating the SAA2.2 fibrils (0.1−

0.2 mg/mL) at different concentrations of urea for 10 min, the
stability of SAA2.2 fibrils to urea was determined by monitoring
the extent of light scattering of the fibrils at 600 nm (OD600).
The data were recorded for 60 s and then averaged. Light
scattering measurements were performed with a Hitachi
fluorescence spectrophotometer, model F-4500 (Danbury,
CT), at 20 °C using a quartz cell with a 10 mm light path.
The excitation and emission wavelengths were both set at 600
nm, and the slit width was 5 and 10 nm for the excitation and
emission, respectively.

■ RESULTS
SAA2.2 Characterization of Amyloid Fibrils Formed

Spontaneously under Physiological-like Conditions.
Atomic force microscopy (AFM) of SAA2.2 samples incubated
for 2 weeks at 37 °C and pH 7.4 revealed mature fibrils (Figure
1a) that exhibited lateral self-association (Figure 1b). Large
oligomers and short protofibrils were also clearly seen (Figure
1b). The SAA2.2 fibrils showed a height of 1−2 nm, but the

Biochemistry Article

dx.doi.org/10.1021/bi200856v |Biochemistry 2011, 50, 9184−91919185



actual width is uncertain because fibrils imaged by AFM are
significantly broadened due to effects related to the width of the
AFM tip. The increase of ThT fluorescence upon binding to
ordered β-sheet aggregates is widely used to monitor the time
course of amyloid fibril formation.32 The fibrillation kinetics of
SAA2.2 monitored by ThT fluorescence exhibited a concen-
tration-dependent lag phase (Figure 2), consistent with the

nucleation/seeding mechanism observed for the amyloid
formation of many proteins and peptides. Since native
SAA2.2 has mostly α-helical structure and little (<10%) β-
sheet content,29 we probed the secondary structure of the
SAA2.2 fibrils by far-UV circular dichroism (CD). The CD
spectrum of the fibrils showed minimum and maximum bands

at 218 and 195 nm, respectively, consistent with a significant
content of β-sheet structure (Figure 3a).33

The most robust test for confirming the amyloid nature of
fibrils is the presence of cross-beta structure, as determined by
meridian and equatorial spacings at 4.76 and 10.6 Å,
respectively, in X-ray diffraction experiments.34 Therefore, the
diffraction pattern for SAA2.2 fibrils was obtained, and two
major diffraction bands were observed with a very sharp,
intense signal at 4.66 Å on the meridian (parallel to the fibril
axis) and a very diffuse signal centered at 10.3 Å (Figure 3b).35

A weak diffraction signal was also observed at around 3.7 Å.
Together, the AFM images, the ThT fluorescence profile, the
CD spectrum, and the X-ray diffraction pattern confirmed that
the fibrils formed by SAA2.2 under mild conditions meet the
criteria of genuine amyloid fibrils.
Amyloid Fibrils of SAA2.2 Are Marginally Stable.

Amyloid fibrils are commonly resistant to harsh conditions,
such as SDS, urea, and high temperature, that would denature
most proteins.8 However, SAA2.2 fibrils are fully denatured to
the monomer when incubated in SDS, suggesting that SAA2.2
fibrils might be less stable than expected. This led us to probe
their resistance to temperature and urea, as these are common
protein denaturants that often cannot fully denature amyloid
fibrils. We incubated 0.1−0.2 mg/mL samples of SAA2.2 fibrils
at different temperatures for 30 min and then used

Figure 1. AFM images of mature SAA2.2 fibrils formed after
incubation of SAA2.2 (20 mM Tris-HCl, pH 7.4) at 37 °C for 2−3
weeks. Several types of structures are evident, including (I) fibrils with
1−2 nm in height and of variable length; (II) several type I fibrils
joined together to form higher-ordered fibrils; and (III) short
protofibrils formed by interaction of spherical oligomers. Scale bars
in (a) and (b) represent 500 and 200 nm, respectively.

Figure 2. Formation of SAA2.2 amyloid fibrils monitored by thioflavin
T fluorescence. The curves represent the changes in ThT fluorescence
as a function of time upon binding to SAA2.2 fibrils formed at different
protein concentrations (20 mM Tris-HCl, pH 7.4) and 37 °C. The
presence of a variable lag phase is consistent with a nucleation/seeding
mechanism.

Figure 3. (a) Far-UV CD spectrum and (b) X-ray diffraction of
SAA2.2 amyloid fibrils. The CD spectrum of SAA2.2 fibrils contains a
minimum at 218 nm and maximum at 195 nm, consistent with the
significant presence of β-sheet structure. Both the fibril solution and
hexameric SAA2.2 were diluted to a final concentration of 0.1 mg/mL
in PB buffer (pH 7.4). X-ray fibril diffraction pattern from SAA2.2
shows a classic amyloid-like cross-beta pattern with diffraction signals
at 4.66 Å (arrows) and 10.3 Å (arrow heads).
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glutaraldehyde cross-linking (GCL)/SDS-PAGE to trap the
various species (from fibrils to the monomer) present and
thereby monitor the extent of fibril and oligomer dissociation.
When SAA2.2 fibrils were crossed-linked at RT, they could not
enter the resolving gel, and only a faint monomer band was
observed in SDS-PAGE (Figure 4a). However, as the

incubation temperature was increased above 37 °C, the fibrils
began to dissociate and the density of the monomer band
increased, demonstrating that the SAA2.2 fibrils are sensitive to
modest temperature, and therefore are marginally stable at
physiological temperature (Figure 4a). The gel data were then
imaged, and the relative density of the monomer band against
temperature was plotted, resulting in a fibril denaturation
transition with a midpoint of ∼58 °C (Figure 4b). In parallel,
the loss of ThT fluorescence was also used to monitor the
temperature-induced denaturation of SAA2.2 fibrils, and the
decrease in fluorescence follows a sigmoidal transition with a
midpoint of ∼48 °C (Figure 4b). Interestingly, comparison of
the GCL/SDS-PAGE and ThT data shows that the loss of ThT

fluorescence precedes the appearance of SAA2.2 monomer in
the gel. This suggests that the mature SAA2.2 fibrils first
dissociated to large oligomers or protofibrils with reduced ThT
binding before further denaturing to the monomer.
To further confirm the fragility of SAA2.2 fibrils, we

incubated them in different concentrations of urea and
monitored the denaturation transition using GCL/SDS-PAGE
and turbidity/light scattering measurements at 600 nm
(OD600). We used turbidity instead of ThT fluorescence
because the latter was not very reproducible, perhaps due to the
effect of urea on the fluorescence of ThT. The fibrils were
incubated in urea for 10 min and then cross-linked with
glutaraldehyde for 10 min followed by SDS-PAGE (Figure 5a).

The density of the monomer bands was then analyzed and
plotted against the concentration of urea (Figure 5b), yielding a
sigmoidal transition with a midpoint of ∼1.4 M. A similar
transition was observed upon incubation for 30 min, suggesting
that equilibrium had been reached after 10 min. Despite the
absence of oligomer in the running gel, it is likely that fibril
fragmentation occurs as the concentration of urea is increased.

Figure 4. Thermal stability of SAA2.2 fibrils monitored by GCL/SDS-
PAGE and ThT fluorescence. (a) Representative gel showing the
extent of monomer populated after cross-linking at various temper-
atures. (b) The gel data were analyzed by quantifying the bands and
then plotting the relative fraction of SAA2.2 monomer versus
temperature (■). The thermal denaturation of SAA2.2 fibrils was
also monitored by the disappearance of the ThT fluorescence (●).
The estimated transition midpoints for the gel and ThT data were ∼58
and ∼48 °C, respectively. Error bars are based on triplicate
experiments.

Figure 5. Urea-induced denaturation of SAA2.2 fibrils monitored by
GCL/SDS-PAGE and light scattering. (a) Representative gel data
showing the extent of monomer populated after cross-linking at
various concentrations of urea. (b) Gel data analyzed by plotting the
density of monomer bands against urea concentrations (■). The urea-
induced denaturation of SAA2.2 fibrils was also monitored by light
scattering at 600 nm (●). The estimated transition midpoints for the
gel and OD600 data were ∼1.4 and ∼1.0 M, respectively. Error bars are
based on triplicate experiments.
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The OD600 signal of the same fibril samples analyzed by
GCL/SDS-PAGE decreased at lower concentrations of urea
than the appearance of the SAA2.2 monomer in the gel (Figure
5), indicating that the fibrils dissociated to intermediate species
that scattered less light. Figure 5b shows the transition curve
obtained from turbidity measurements as well as the GCL/
SDS-PAGE data for comparison. The turbidity of the SAA2.2
fibril sample began to decrease even at the lowest
concentrations (0.3 M) of urea and exhibited a transition
midpoint of ∼1.0 M; the transition was completed by ∼2.0 M
urea. Similar to the thermal denaturation experiment where the
ThT and GCL/SDS-PAGE data had different Tm values, the
urea denaturation of the fibrils monitored by turbidity exhibited
a lower transition midpoint (1.0) than that obtained (1.4 M) by
GCL/SDS-PAGE. This supports the interpretation that the
SAA2.2 fibrils first fragment into prefibrillar intermediate
species that do not bind ThT and scatter less light at 600
nm. Since these prefibrillar species do not enter the gel, they
must be large oligomers and/or protofibrils, perhaps like those
seen in Figure 1. Therefore, we incubated mature SAA2.2 fibrils
for 30 min at 50 °C, which is near their denaturation midpoint
monitored by ThT (Figure 4b), and analyzed the structure of
the fibrils by AFM (Figure 6). As a control, the same sample
was first incubated at 37 °C before raising the temperature
further and analyzed by AFM to confirm the presence of
mature fibrils (Figure 6a). Figure 6b shows that the SAA2.2
amyloid fibrils incubated at 50 °C indeed first dissociate to
short fibrils and large oligomers before denaturing to the
monomer.

■ DISCUSSION
Exploring the Stability of SAA2.2 Fibrils Using GCL/

SDS-PAGE. In contrast to amyloid fibrils from beta micro-
globulin,36 lysozyme,18 transthyretin,37 SH3 domain,19 Ure2p
prion,12 and insulin,11 which require much higher temper-
aturein some cases 100 °C or higher11,12for their complete
denaturation, we showed that SAA2.2 fibrils undergo
fragmentation and dissociation under modest denaturing
conditions. After incubation at different temperatures or
concentrations of urea we used GCL to block the remaining
fibrils and/or oligomers from dissociating upon exposure to
SDS. GCL also trapped the monomeric SAA2.2 present,
thereby preventing them from reaggregating. This simple
approach allowed us to monitor the dissociation of the fibrils at
significantly lower urea concentration and temperatures, in
contrast to other amyloid fibrils that are hyper-resistant to
denaturants11,12 or have denaturant sensitivities that are similar
to those of globular proteins.11,18,19,36 Thus, to the best of our
knowledge, the amyloid fibrils formed by SAA2.2 at 37 °C are
among the least stable observed for any protein or peptide. It
should be noted that because the denaturation of the fibrils is a
complex process involving fibril fragmentation into different
species, the transition midpoint values obtained might not
represent true fibril−monomer equilibrium parameters. In
contrast to A-beta fibrils, which are in dynamic equilibrium with
the monomer and appear to break down via monomer
dissociation,11,12 our denaturation (Figures 4 and 5) and
AFM (Figure 6) data suggest that SAA2.2 fibrils first fragment
into mostly short fibrils, protofibrils, and large oligomers. This
is similar to the fragmentation of fibrils observed in yeast prion
models, where generation of new seeds for further polymer-
ization determines the strength of the prion phenotype.38 Thus,
the SAA2.2 fibrils are less resistant to heat and urea than the

oligomeric fibril precursors. This is consistent with the
observation that the formation of fibrils is preceded by the
obligatory formation of spherical or rod shaped oligomers39,40

that are in equilibrium with monomers and full-length fibrils.
Schmit et al. have suggested that denaturants weaken
hydrophobic and hydrogen-bonding interactions, thus disrupt-
ing aggregation and shifting the equilibrium toward
oligomers.41

Biological and Pathological Implications of the
Marginal Stability of SAA2.2 Amyloid Fibrils. A remark-
able feature of SAA is that during inflammation its
concentration can increase within 24 h up to 1000-fold to
about 1 mg/mL.20,21,42 It is known that just as the
concentration of SAA quickly rises upon an inflammatory
insult, it can quickly decrease to normal levels.42 This efficient

Figure 6. Thermal denaturation of SAA2.2 amyloid fibrils examined by
AFM. (a) Mature fibrils of SAA2.2 formed by incubating an SAA2.2
sample (∼2.5 mg/mL in 20 mM Tris buffer, pH 7.4) at 37 °C for 2
weeks. Long fibrils interacting with each other are clearly seen before
thermal denaturation. (b) Mature SAA2.2 fibrils were incubated at 40,
45, and 50 °C for 0.5 h at each temperature in sequential order. The
thermally denatured fibrils were then diluted 20 times and prepared on
mica for AFM imaging in air as described in the Experimental
Procedures section. AFM image shows the dissociation of mature
fibrils into short fibrils and protofibrils.
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regulation of SAA concentration is consistent with its
intrinsically disordered structure and the marginal stability of
the SAA oligomers observed in vitro.27 Although the acute
phase response is part of the innate immune defense system,
the biological function of SAA that requires this dramatic
increase in protein expression remains poorly understood.
SAA2.2’s ability to spontaneously form marginally stable
amyloid fibrils in vitro at 37 °C at the high SAA concentrations
(0.1−1.0 mg/mL) present during inflammation, together with
the growing evidence that amyloid fibrils can have diverse
functional roles,4,5 make it conceivable that SAA amyloid might
serve a functional role.
The formation of amyloid by SAA has been linked to AA

amyloidosis for ∼40 years since the N-terminal 76 residues of
SAA was found in clinical amyloid deposits, as a secondary
effect to chronic inflammatory disease.21 In mice, induction of
an inflammatory response results in amyloid deposition of
SAA1.1; however, it is remarkable that even though SAA2.2 is
nonpathogenic in mice, it is highly amyloidogenic in vitro. Since
AA amyloidosis occurs in only 5−10% of humans during
persistent chronic inflammatory conditions,20 the possibility
that SAA amyloid formation might be an inherent property of
SAA proteins needs to be further explored. Although it is not
clear why some individuals develop AA amyloidosis or why
SAA2.2 is not pathogenic in mice, it is plausible that the
amyloid fibril deposits in organs might be stable and more
difficult to degrade. Studies of AA fibrils extracted from murine
spleen and liver showed resistance to high hydrostatic pressure,
and the fibrils were only partially dissociated at high
temperature.43 Pathological SAA fibrils might be more stable
than the fibrils formed in vitro via binding to serum amyloid P
or glycosaminoglycans, which are known to stabilize amyloid
fibrils.44 SAA is an extremely conserved protein in all
vertebrates, so it will be interesting to explore whether SAA
proteins, pathogenic and nonpathogenic, from different species
also spontaneously form marginally stable amyloid fibrils at 37
°C.
Do Amyloid Fibrils Formed in Vivo Have a Broad

Range of Stability? The formation of amyloid fibrils in vitro
by most globular proteins often requires destabilizing
conditions, such as acidic pH, chemical denaturants, or increase
in temperature.8,45 Interestingly, it has been shown that,
depending on the solvent conditions, peptides and proteins
can often form different morphological structures of variable
stabilities.46−48 This polymorphic potential of fibrils explains
why harsh nonphysiological conditions select against the
formation of unstable amyloid fibrils. This over-representation
of stable fibrils in the literature might have contributed to the
perception that amyloid fibrils are intrinsically very stable
structures. Our results show that amyloid fibrils formed under
mild conditions (i.e., 37 °C, pH 7.4) might select for amyloid
structures that are marginally stable, as evidenced by their
disruption at temperatures >40 °C and [urea] > 0.1 M. It
would be interesting to compare the stability of amyloid fibrils
formed by different proteins under physiological-like conditions
to determine the range of their sensitivity to denaturants as well
as their thermodynamic and kinetic stabilities. It seems
probable that the stability of amyloid fibrils might vary
significantly depending on the type and extent of molecular
interactions present within and between fibrils.35,49−51

The growing evidence that amyloid fibrils carry out a variety
of biological functions4,5 suggests that some functions might
not be compatible with highly stable fibrils, as this would

interfere with their regulation and degradation. A remarkable
example of physiological regulation mediated by amyloid fibrils
is the case of peptide hormones, which aggregate into amyloid
fibrils for storage in secretory granules and releases the
functional peptide as needed.52 A-beta fibrils are another
example of fibrils that dissociate via monomer release.15

Although we show that denaturation of SAA2.2 fibrils proceeds
via fragmentation and dissociation to the monomer, it is
possible that fibril stability is modulated in vivo to release
functional monomeric or oligomeric units. However, testing
this hypothesis would require probing the stability of SAA
fibrils in vivo, including determining its critical monomer
concentration for fibril formation. Thus, our results support the
idea that amyloid fibrils in nature might have a broader range of
stability like that of soluble proteins. For decades globular
proteins were considered to fold into unique 3D structures with
a narrow range of stability.53 However, it is now accepted that
they can also form intrinsically disordered,54 as well as
degradation-resistant kinetically stable conformations,55 where
the former allows functional regulation and quick degradation,
and the latter possess a much longer half-life. Similarly, amyloid
fibrils in nature might possess stabilities that range from
marginal to extremely high.56 Understanding the stability range
of amyloid fibrils, whether intrinsic or modulated by ligand
binding and the cellular environment, will be critical for gaining
a better understanding of the functional and pathological roles
of amyloid stability.
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