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Background:Murine SAA1.1 is pathogenic and SAA2.2 is non-pathogenic in AA amyloidosis.
Results: SAA1.1 and SAA2.2 exhibit different biophysical properties, including fibrillation kinetics and fibril morphology.
Conclusion: The distinct biophysical properties of highly homologous SAA proteins may contribute to their different patho-
genicity during chronic inflammation.
Significance: Structural and kinetic factors, more than their intrinsic amyloidogenicity, may determine the diverse pathoge-
nicity among nearly identical SAA isoforms.

Serum amyloid A (SAA) is best known for being the main
component of amyloid in the inflammation-related disease
amyloid A (AA) amyloidosis. Despite the high sequence iden-
tity among different SAA isoforms, not all SAA proteins are
pathogenic. In most mouse strains, the AA deposits mostly
consist of SAA1.1. Conversely, the CE/J type mouse expresses
a single non-pathogenic SAA2.2 protein that is 94% identical
to SAA1.1. Here we show that SAA1.1 and SAA2.2 differ in
their quaternary structure, fibrillation kinetics, prefibrillar
oligomers, and fibril morphology. At 37 °C and inflamma-
tion-related SAA concentrations, SAA1.1 exhibits an oligo-
mer-rich fibrillation lag phase of a few days, whereas SAA2.2
shows virtually no lag phase and forms small fibrils within a
few hours. Deep UV resonance Raman, far UV-circular dichr-
oism, atomic force microscopy, and fibrillation cross-seeding
experiments suggest that SAA1.1 and SAA2.2 fibrils possess
different morphology. Both the long-lived oligomers of path-
ogenic SAA1.1 and the fleeting prefibrillar oligomers of non-
pathogenic SAA2.2, but not their respective amyloid fibrils,
permeabilized synthetic bilayer membranes in vitro. This
study represents the first comprehensive comparison
between the biophysical properties of SAA isoforms with dis-
tinct pathogenicities, and the results suggest that structural and
kinetic differences in the oligomerization-fibrillation of SAA1.1
and SAA2.2, more than their intrinsic amyloidogenicity, may
contribute to their diverse pathogenicity.

Serum amyloid A (SAA)3 belongs to a small and highly con-
served family of apolipoproteins that plays a fundamental role
in the acute phase response to an inflammatory stimulus, such
as tissue damage, trauma, or infection (1). Although SAA has
been linked to many functions related to innate immunity and
lipid transport/metabolism as well as to various diseases (2, 3)
including atherosclerosis, rheumatoid arthritis, Alzheimer dis-
ease and cancer, SAA is perhaps best known for being the main
component of the amyloid fibrils in reactive amyloidAamyloid-
osis (4, 5). Amyloid A (AA) amyloidosis is a clinical manifesta-
tion that occurs in some individuals with chronic inflammatory
disorder. During inflammation, the concentration of SAA in
plasma rises up to 1000-fold its normal levels to a concentration
of up to 1–2 mg/ml (4). Persistence of this hyperexpression is a
prerequisite for AA amyloidosis (4). Although the main com-
ponent of the amyloid deposits is an N-terminal 76-residue
fragment of SAA (1), the presence of different fragments,
including full-length SAA, suggest that proteolytic processing
may be a post-deposition event (6).
Despite the high sequence identity amongdifferent SAApro-

teins, not all SAA isoforms are pathogenic. For example,
humans have several acute phase SAAs that are equally overex-
pressed during inflammation, but SAA1 is the main SAA com-
ponent of the amyloid fibrils. Similarly, inflammation-induced
AA amyloidosis in mice results in mouse laden with amyloid
deposits from only the SAA1.1 isoform (7). Furthermore, the
CE/J type mouse expresses a single SAA2.2 protein that is 94%
identical to SAA1.1 yet is non-pathogenic despite its overex-
pression during induced inflammation (8). To date, little is
known about the molecular basis of AA amyloidosis and the
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differing pathogenicity among SAA isoforms across different
vertebrates. Although it is tempting to assume that pathogenic
SAAs are highly amyloidogenic and that non-pathogenic SAAs
are amyloid-resistant, we have shown that the non-pathogenic
murineSAA2.2 rapidly formsamyloid fibrils in vitroat37 °C,mak-
ing it one of themost inherently amyloidogenic proteins known to
date (9). Therefore, other biochemical or biophysical properties of
SAA proteins must account for their pathogenicity.
Here we have characterized various biophysical properties of

the pathogenic murine SAA1.1 and compared them to those of
non-pathogenic SAA2.2. Most notably, we show that upon
incubation at 37 °C, SAA1.1 exhibits a fibrillation lag phase of
several days that is highly populated with spherical oligomers.
In contrast, SAA2.2 has a negligible lag phase and forms small
curvilinear amyloid fibrils within a few hours. Spectroscopic,
microscopy, and kinetic experiments suggest that SAA1.1 and
SAA2.2 fibrils are of different morphology. Furthermore, the
globular oligomers formed during the long lag phase of SAA1.1
and the fleeting prefibrillar oligomers of SAA2.2 were able to
permeabilize synthetic membranes in vitro, whereas the
respective fibrils did not. Overall, our results suggest possible
structural and kinetic reasons that may contribute to the dis-
tinct pathogenic tendencies of SAA proteins.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Recombinant SAA
with an N-terminal His tag and a linker containing a TEV pro-
tease recognition site (His-TEV-SAA) was expressed in Esche-
richia coli BL21(DE3)pLysS (Invitrogen). Upon induction, the
cells were lysed and sonicated in Tris-urea buffer (20 mM Tris,
6 M urea, 500mMNaCl, pH 8.0). The lysatewas centrifuged, and
His-tagged SAA was isolated by a 5-ml Histrap column (HP�,
GE Healthcare) and gel filtration (HiLoad™ 16/60 Superdex 75,
GEHealthcare). Proteolysis of His-TEV-SAA (20 °C) with TEV
protease at a protease:substratemolar ratio of 1:20 yielded SAA
isoforms without non-natural residues. The TEV reaction was
quenched after 6 h with 5 M urea and 0.5 M NaCl, and SAA
was purified by passing the mixture through a Histrap column
as described above. The SAA fraction was then collected, con-
centrated, and further purified by gel filtration. The concen-
trated SAA was briefly centrifuged to remove any insoluble
debris and subjected to three rounds of dialysis at 4 °C
against 50–100-fold excess volume of Tris buffer over a
period of 15 h. SAA was then aliquoted, and its absorbance
was measured at 280 nm (Mr: SAA1.1 11,605, SAA2.2 11,670;
extinction coefficient, 25440 M�1 cm�1).
Analytical Gel Filtration—The oligomeric states of SAA iso-

forms were monitored using an analytical gel filtration column
(Superdex� 200 HR 10/300, GE Healthcare Life Sciences) cou-
pled to a GE ÄKTA Prime� chromatography system at 4 °C.
The column was pre-equilibrated with 20 mM Tris, 150 mM

NaCl, pH 8.0. The sample load was 20 �g of protein, and the
flow rate was 0.5 ml/min at 1 MPa. Protein elution was moni-
tored at 280 nm. The column was precalibrated with common
laboratory proteins.
Sedimentation Equilibrium (SE) and Sedimentation Velocity

(SV) Analytical Ultracentrifugation (AUC)—SE-AUC experi-
ments were performed at 4 °C using a Beckman XL-I instru-

ment with an AN-50Ti rotor. Different SAA concentrations
(0.1–0.6 mg/ml) in 20 mM Tris, pH 8.2, 150 mM NaCl buffer
were loaded into 6-sector cells and spun at 10,000, 12,000, and
19,000 rpm. The absorbance at 280 nmwas recorded as a func-
tion of the radial position. Equilibriumwas considered attained
when replicate scans 6 h apart were indistinguishable. The data
were globally fitted to a model for a single species in solution as
previously described (10). SV-AUC experiments were per-
formed at 4 °C and 40,000 rpm. About 0.5 mg/ml SAA in Tris
buffer was loaded in a double sector cell with a 12-mm center-
piece. The SV absorbance profiles were recorded at 280 nm
(293 nm in the concentration dependence experiments) and
acquired every 6 min (or 12 min in the concentration depend-
ence experiments) for a total of �275 scans. They were ana-
lyzed using the SEDFIT software.
Far-UV Circular Dichroism (CD)—Far-UV CD measure-

ments were performed using an Olis DSM� 1000 CD spectro-
photometer (Bogart, Georgia) with a 2-mmpath quartz cuvette
(Hellma). When monitoring the loss of secondary structure,
wavelength scans were performed from 200 to 260 nm with
1-nm intervals and plotted against the molar ellipticity. For
denaturation experiments, measurements were averaged over
60 s at 222 nm (base line at 255 nm). For thermal denaturation,
a Peltier device was used for temperature control. Urea dena-
turation was performed by co-dilution method, as previously
described (11). For both thermal and chemical denaturation,
the concentration of SAA was 0.3 mg/ml, and the sample was
incubated for�5min at the desired condition before collecting
data.
Fibrillation Studies—Fibril formation of SAAwas induced by

incubating the protein at 37 °C in a dry bath incubator. The
protein concentrations were 0.3 mg/ml in 20 mM Tris, pH 8.0,
unless otherwise noted. For seeding assays, preformed SAA
protofibrils or fibrils were added at 5% w/w to purified refolded
oligomers of SAA and immediately incubated at 37 °C and
allowed to aggregate.
Thioflavin T (ThT) Fluorescence—SAA (10 �g) at various

conditions was added to a 400-�l working solution containing
50 mM glycine-NaOH, pH 8.5, and 12.5 �M ThT. The resulting
mixture was transferred to a quartz cuvette (1-cm path length,
volume 500 �l). Fibrillation of SAAwasmonitored at 37 °C in a
dry bath. At regular intervals, a volume containing 10 �g of
SAA was withdrawn and mixed with 50 �l of 100 �M ThT and
enough glycine, pH 8.5, to a final volume of 400 �l. After brief
resuspension/stirring, the sample was equilibrated for 30 s, and
changes in ThT intensity were recorded after excitation at 440
nm. The emission maximum at 485 nmwas averaged over 60 s.
The slit widths were set at 10 nm for both excitation and
emission.
Atomic Force Microscopy (AFM)—SAA isoforms incubated

at specified temperatures were diluted in water to a final con-
centration of 0.05 mg/ml, and 20 �l of this solution was depos-
ited on a freshly cleaved type Imica surface. After 15–30min of
incubation, the mica was gently washed with 1–2 ml of filtered
Milli-Q water and then air-dried. The mica plate was mounted
under the imaging head of anMFP3DAFM(AsylumResearch),
and AFM scans were performed with silicon cantilevers (SSS-
NCLR-10, Nanosensors) with tip radius curvature of 2 nm.
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Image analysis was performed with Igor Pro 5.0 image analysis
software accompanying the instrument.
Antibody Dot Blot Analysis—2 �l of SAA (starting concen-

tration 0.3 mg/ml) was spotted on nitrocellulose membranes
(Hybond ECL, GE Healthcare). After adhesion of the protein
and overnight drying at RT, the membrane was blocked (10%
nonfat drymilk in PBS) at RT for 2 h and thenwashed 3 times in
PBSwithTween 20 (PBST). The blotswere then incubatedwith
A11 orOC antibodies (Millipore) diluted 1:1000 (5% nonfat dry
milk in PBS) at RT for 1 h. The blots were washed 3 times
(PBST) and then incubated with goat-anti-rabbit horseradish
peroxidase-conjugated secondary antibody at RT for 1 h. After
washing, the blots were exposed to substrate (ECL Western
blotting substrate, Thermo Fisher) and developed. Control
experiments were performed using isotype rabbit antibody
(Invitrogen).
Deep UV Resonance Raman (DUVRR) Spectroscopy—

DUVRRspectraweremeasuredat theUniversity atAlbanyusinga
home-built Raman spectrometer as described elsewhere (12) with
199-nm excitation. A spinning NMR tube with a magnetic stirrer
inside was used for sampling. GRAMS/AI 7.0 (Thermo Galactic,
Salem, NH) was used for spectral data processing.
Planar Lipid Bilayer Experiments—Asolectin (Avanti Polar

Lipids Inc.) bilayers were made by dissolving in n-decane at a
concentration of 200mg/ml (13, 14) and formed over a polysty-
rene cup with a 100-�m-diameter aperture and inserted into a
thermally conductive chamber. The cup and the chamber were
filled with 1 ml of 20 mM HEPES buffer (100 mM KCl, pH 7.4).
Ag/AgCl leak-free electrodes (Cypress Systems) were intro-
duced in the electrode wells containing 3 M KCl solution and
connected to the cup and the chamber using salt bridges con-
taining 3MKClwith 2.5% agar. The chamberwas then placed in
a BLM-TC thermocycler (Warner) at ambient temperature.
Capacitance and current were measured using a BC-535 patch
clamp amplifier (Warner Instruments). A small amount of the
lipid solution was then applied in the region surrounding the
aperture using a fine-tipped paintbrush, and the transmem-
brane potential across the bilayer was set to �60 mV. The
membrane quality was assessed by measuring its capacitance
and conductance after stabilizing for �20 min. Membranes
with capacitance values of � 100 picofarads were used. After-
ward, the SAA isoforms were allowed to aggregate by incubat-
ing the protein solution at 37 °C.At the desired timepoint, 20�l
of the protein solution (0.3 mg/ml) was exposed to the lipid
bilayer by adding it to the chamber surrounding the bilayer. The
current was then recorded with a Digidat 1440 data digitizer
(Axon Instruments) and analyzed using the Clampex 10.0 soft-
ware (Molecular Devices Corp). The sampling rate for collect-
ing the data was 150 kHz, and signal filtration was achieved by
using a built-in 4-pole Bessel filter at a setting of 2 kHz.
Calcein Dye Leakage Assay—Large unilamellar vesicles com-

posed of DOPC:DOPG (dioleoylphosphatidylcholine:dioleoyl-
phosphatidylglycerol; 80:20 w/w %) (Avanti Lipids) were pre-
pared as previously described (15). A large unilamellar vesicle
suspension containing 5 �l of diluted large unilamellar vesicles
and 95 �l of TSB buffer (20mMTris, 150mMNaCl, pH 8.3) was
used to record base-line fluorescence, and calcein fluorescence
was recorded by exciting the solution at 490 nmandmonitoring

the emission at 515 nm. The effect of SAA on liposome disrup-
tion was studied by mixing 5 �l of SAA obtained at different
time points with 5 �l of diluted large unilamellar vesicle
solution and 90 �l of TSB buffer in a black flat-bottom 96-well
plate and gently shaken for 20 min. This incubation step was
followed bymeasurement of calcein fluorescence intensity. The
addition of 10�l of 2%TritonX-100 to the assay sample further
disrupted the membrane; the resultant fluorescence intensity
corresponded to that due to maximum possible calcein release
(Fmax). The amount of released calcein was measured by using
the equation % dye leakage � ((Fs � Fb)/(Fmax � Fb)) � 100,
where Fb is base-line fluorescence, and Fb is fluorescence
intensity.
Cell Cytotoxicity Assay—Human embryonic kidney cells

(HEK293, ATCC) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM). 200 �l of cell suspension (cell number 25 �
104 cells/ml) was added to each well of a 96-well plate (BD
Biosciences) and allowed to adhere overnight at 37 °C. After
this, the medium was removed, and each well of the microtiter
plate was supplemented with 90�l of fresh DMEMand 10�l of
SAA samples (starting concentration 250 �M (3 mg/ml)) or
control samples. Cells were further incubated with the samples
for 6, 24, or 72 h (in separate experiments) as specified.After the
incubation period, cell viability was assessed using the MTS
assay according to the manufacturer’s instructions (Promega).
SAA refolded oligomers are �-helix-rich oligomers obtained
upon refolding at 4 °C. SAAmisfolded oligomers are aggregates
obtained after 2 h (SAA2.2) and 12 h (SAA1.1) of incubation at
37 °C. Fibrils were obtained after at least 2 weeks of incubation
at 37 °C.

RESULTS

Refolding of SAA1.1 and SAA2.2 Reveals Different Oligomeric
Propensities—SAA1.1 and SAA2.2 share 94% sequence homol-
ogy (Fig. 1a), yet they show distinct pathogenic properties. This
suggests that there are significant biophysical/biochemical dif-
ferences between these isoforms. To probe these inherent
properties, we expressed SAA2.2 and SAA1.1 inE. coli.We pre-
viously reported that SAA2.2 refolds into a kinetically accessi-
ble octameric species that converts to a more stable hexamer
(16) after a few weeks of incubation at 4 °C (10). In contrast,
SAA1.1 refolded into a mixture of oligomers with retention
times in size exclusion chromatography (SEC) that were con-
sistent with dodecamer (12.4 ml), tetramer (15.7 ml), andmon-
omer (17.9 ml) (Fig. 1b). Unlike SAA2.2, the oligomeric distri-
bution of SAA1.1 did not change significantly over time (10). To
avoid inconsistencies with the oligomeric structures, all the
experiments described here were carried out with SAA2.2 and
SAA1.1 samples refolded and stored at 4 °C for at least 20 days.
To further characterize the oligomeric states of SAA1.1, we

performed sedimentation equilibrium analytical ultracentrifu-
gation (SE-AUC). Recent SE-AUC studies of SAA2.2 yielded a
Mr of 70, which is consistent with a hexamerMr and is in excel-
lent agreement with SEC results (10). The SE-AUC traces for
SAA1.1 shown in Fig. 1c were globally fitted, yielding a Mr of
61.7 � 0.9. This averaged Mr is not consistent with hexamer
(69.6 kDa) or tetramer (46.4 kDa) but supports the SEC data,
suggesting that SAA1.1 exists as a mixture of oligomeric spe-
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cies. We carried out SV-AUC to probe further the structure of
SAA1.1 and SAA2.2 (Fig. 1d). The SAA2.2 data showed amajor
peak with a sedimentation coefficient of 3 S, consistent with a
hexameric protein, whereas for SAA1.1 it showed two major
peaks with maxima at 2.5 S and 4.3 S and a minor peak at �1 S.
By comparison with the SEC results, we conclude that the 4.3,
2.5, and 1 S peaks represent the dodecamer, tetrameric, and
monomeric species, respectively. However, in contrast to the
SEC data, the tetramer was the major species seen in SV-AUC,
suggesting that the dodecamer might have dissociated to the
tetramer during ultracentrifugation. Interestingly, when we
calculated the area under the curve, the SV-AUC peaks corre-
sponding to SAA1.1 yielded an area distribution of �71%
tetramer, �21% dodecamer, and �7% monomer, correspond-
ing to an averageMr of 64.1 kDa. ThisMr value is within 5% of
theMr (61.7 kDa) obtained by SEC.
SAA1.1 is Less Stable Than SAA2.2 Despite Similar Second-

ary and Tertiary Structure—The differences in quaternary
structure between SAA1.1 and SAA2.2 suggest that theremight
be differences in their secondary and tertiary structures. There-
fore, we characterized the structure of the isoforms by DUVRR
spectroscopy, a powerful tool for structural characterization of
proteins in both refolded and misfolded oligomeric forms (17,
18). A high sensitivity of DUVRR spectra to the protein second-
ary structure is based on the dependence of amide vibrational
modes on � and � dihedral angles determining the three-di-
mensional conformation of the polypeptide backbone (17, 18).
DUVRR spectra are most sensitive to �-sheet and unordered
protein conformations in contrast to CD, which is most sensi-
tive to�-helix. Amide I vibrationalmode is dominated byCAO
stretching, with a small contribution fromC—N stretching and
N—Hbending.Amide II and amide III bands involve significant
C—N stretching, N—H bending, and C—C stretching. The
C�-H bending vibration mode involves C�—H symmetric
bending and C—C� stretching (17).
We found that oligomers obtained after refolding both SAA

isoforms exhibit identical positions and intensities of amide
bands I, II, and III, indicating that their secondary structure
compositions are nearly identical (Fig. 2a). The maximum of

FIGURE 1. The in vitro oligomeric structure of refolded SAA1.1 and SAA2.2. a, SAA1.1 and SAA2.2 share a high degree of structural similarity, including 94%
sequence identity, and similar �-helix and �-sheet secondary structure according to a secondary structure prediction algorithm. b, analytical size-exclusion
chromatography shows that SAA2.2 forms a hexamer (elution volume �14.7 ml), whereas SAA1.1 folds into a heterogeneous mixture of dodecamer (�12.4
ml), tetramer (�15.8 ml), and monomer (�17.8 ml). mAU, milliabsorbance units. c, shown is equilibrium sedimentation AUC analysis of SAA1.1. Solid lines
represent the global fit of representative traces at 10,000 (E), 12,000 (�), and 19,000 rpm (‚). The lower panel shows the residuals for each fit. The Mr obtained
from the fit was 61.7 � 0.9. d, sedimentation velocity AUC experiments showed at least three different sedimentation boundaries for SAA1.1 consistent with
a mixture of dodecamer, tetramer, and monomer. SAA2.2 was analyzed in parallel experiments, and the data revealed one major boundary consistent with the
hexameric structure observed by SEC and previous AUC experiments (8). All experiments were carried out at 4 °C.

FIGURE 2. Comparison of the secondary structure and stability of SAA1.1
(E) and SAA2.2 (f). a, SAA1.1 and SAA2.2 at 4 °C exhibited nearly identical
DUVRR spectra, and the amide I (AM I) band maximum at �1645 cm�1 indi-
cates the presence of largely �-helical secondary structure. b, far UV-CD spec-
tra of SAA isoforms at 4 °C indicate similar and predominantly � helical sec-
ondary structure. c, the thermal denaturation of SAA was monitored by far-UV
CD at 222 nm. d, the urea-induced denaturation of SAA at 4 °C was monitored
by CD spectroscopy. The protein concentrations in a– d) were 0.3 mg/ml (20
mM Tris buffer, pH 8.0).
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the amide I band at�1645 cm�1 and the relativelyweakC�—H
peak suggest that both SAAs have a predominantly �-helical
secondary structure, consistent with their far UV-CD spectra
(Fig. 2b) (16). In addition to similar amide bands, the vibrational
modes of phenylalanine and tyrosine in the DUVRR spectra of
SAA1.1 and SAA2.2 have almost the same intensity, indicating
that the local environment of these residues is the same in both
proteins. Thus, despite different oligomeric structures, SAA1.1
and SAA2.2 appear to have similar secondary and tertiary
structure, as expected from their 94% sequence identity.
SAA2.2 is marginally stable in vitro and is intrinsically disor-

dered at physiological temperature (11). Therefore, we com-
pared the sensitivity of SAA1.1 and SAA2.2 to thermal and urea
denaturation by monitoring their far-UV CD signal at 222 nm.
Thermal denaturation experiments showed that SAA1.1 has a
lower thermal stability than SAA2.2 (Fig. 2b). The melting
curve of SAA1.1 lacked a pretransition base line and yielded a
midpoint (Tm) of �18 °C, which is significantly lower than that
of SAA2.2 (�32 °C; Ref. 11) (Fig. 2b). The Tm values obtained
from experiments are for comparison purposes only, as the
thermal unfolding of SAA1.1 and SAA2.2 is largely irreversible.
We then proceeded to probe the urea-induced denaturation of
SAA1.1.We previously showed that upon exposure to low con-
centrations of urea, SAA2.2 undergoes a hexamer to monomer
transition (11). Because the thermal denaturation data showed
that SAA1.1 is mostly unfolded at RT, we performed the urea
experiments at 4 °C. The cooperative urea-induced denatur-
ation of SAA1.1 yielded an apparent transition mid-point (Cm)
of � 0.5 M, significantly lower than the �2.0 M value obtained
for SAA2.2 (Fig. 2b). Thus, SAA1.1 is less stable than SAA2.2
and also appears to be an intrinsically disordered protein under
physiological conditions.
SAA1.1 Exhibits an Oligomer-rich Long Fibrillation Lag

Phase—SAA2.2 spontaneously forms amyloid fibrils in vitro
upon incubation at 37 °C (9), and therefore, it was expected that

SAA1.1 would be even more amyloidogenic due to its patho-
genic nature. The kinetics of SAA fibrillation at 37 °Cwas inves-
tigated using the ThT binding assay. SAA2.2 (0.3 mg/ml) spon-
taneously aggregated and formed cross-�-rich aggregates
within a few hours, whereas SAA1.1 showed no increase in ThT
intensity until about 3 days (Fig. 3a). Interestingly, after 70–100
h at 37 °C, the ThT intensity of SAA1.1 samples increased and
reached a maximum in about a week. AFMwas used in parallel
to monitor the species formed during amyloid formation at
37 °C. SAA2.2, freshly taken from cold storage and spotted on
mica, showed small spherical structures that are thought to be
refolded hexamer (Fig. 3b, 0 h). SAA2.2 formed prefibrillar olig-
omers rapidly at 37 °C and assembled within a few hours into
short curvilinear fibrils that further grew into longer fibrils and
then into mature linear fibrils by 1 week (Fig. 3b). Refolded
SAA1.1 (as shown in Fig. 1b) at 4 °C showed similar spherical
structures as observed for SAA2.2, suggesting refolded assem-
blies (Fig. 3c, 0 h). When incubated at 37 °C, SAA1.1 assembled
into globular oligomers as early as 2 h (Fig. 3c). Further incuba-
tion for 2–3 days resulted in more and larger oligomers (i.e.
late-stage prefibrillar oligomers). Rod-shaped prefibrillar struc-
tures were observed as early as�70 h and eventually assembled
into long fibrils of similar length and height as that of SAA2.2
mature fibrils.
We utilized the fibril-specific (OC) and oligomer-specific

(A11) antibody to confirm the slow and fast fibrillation rates of
SAA1.1 and SAA2.2, respectively. OC is a conformation-spe-
cific antibody that recognizes generic amyloid fibrils from a
wide range of proteins but does not bind tomonomeric or non-
fibrillar oligomeric forms(19). A11 antibodies have been shown
to bind generic epitopes specific to prefibrillar oligomers (19).
Dot blot experiments performed on SAA2.2 and its aggregates
showedmoderateOCbinding to SAA2.2 oligomers obtained as
early as �1 h (Fig. 3d) and moderate to strong OC antibody
binding thereafter, confirming the fast fibrillation kinetics of

FIGURE 3. Kinetics of SAA aggregation at 37 °C probed by ThT fluorescence, AFM, and immunoblotting. a, upon incubating SAA1.1 and SAA2.2 at 37 °C,
their fibrillation kinetics was monitored by ThT fluorescence at 485 nm. The error bars represent the normalized S.D. from three independent experiments. b and
c, the time course of SAA aggregation induced by incubation at 37 °C was monitored by AFM. The images are shown as height traces, and the scale bar
corresponds to 1 �m. d, shown is a time-dependent dot blot analysis of SAA1.1 and SAA2.2 fibrillation using the conformation-specific A11 and OC antibody.
The starting protein concentrations in a– d were 0.3 mg/ml (20 mM Tris buffer, pH 8.0).
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SAA2.2. In contrast, OC antibody showed no binding to
SAA1.1 oligomers until about 1 week (Fig. 3d), when moderate
binding to OC was observed. Strong OC binding was observed
only for SAA1.1 fibrils obtained after �1 month of SAA1.1
incubation at 37 °C. The A11 data did not show the consistent
trend observed for OC binding. A11 bound to SAA1.1 aggre-
gates throughout its fibrillation pathway (Fig. 3d), suggesting
the coexistence of prefibrillar oligomeric intermediates and
fibrils. A11 binding to SAA2.2 varied somewhat from sample to
sample, but the overall trend was consistent with weak or no
binding after 1 h of incubation at 37 °C. We occasionally
observed binding at later time points, as shown in the repre-
sentative data in Fig. 3d, perhaps due to conformational hetero-
geneity and the marginal stability of SAA2.2 fibrils (20). These
dot blot results are mostly consistent with the ThT and AFM
data and together demonstrate that SAA1.1 and SAA2.2 have
very different fibrillation kinetics.
Structural Differences between the Refolded Protein and

Mature Fibrils of SAA1.1 and SAA2.2—DUVRR spectroscopy is
uniquely capable of identifying differences in �-sheet second-
ary structures between globular and fibrillar structures (21)
and, therefore, was used to probe the structure of SAA1.1 and
SAA2.2 mature fibrils. DUVRR spectra of mature SAA fibrils
are superimposed (Fig. 4, a and b) with Raman spectra of the
corresponding refolded proteins (Fig. 2a). Absolute normaliza-
tion of Raman spectra acquired for large protein aggregates is a
challenging task. Herein, DUVRR spectra are normalized using
Tyr and Phe bands (�1600 cm�1) for comparison.
Raman spectra of SAA1.1 and SAA2.2 fibrils showed an

increase in the intensity of the amide I and II bands compared
with those of refolded proteins, consistent with increase in
�-sheet structure. Changes in the shape and intensity of amide
III, CH2/CH3, andC�—Hbandswere observed in the spectra of
SAA2.2 fibrils compared with the refolded protein, suggesting
that SAA2.2 undergoes substantial a change in polypeptide
backbone conformation upon fibril formation (Fig. 4b). In con-
trast, changes in the shape and intensity of CH2/CH3 andC�-H
bands were less evident for SAA1.1, suggesting that the forma-
tion of SAA1.1 fibrils involves much less perturbation of the
protein secondary structure. In the case of the Phe and Tyr
bands at 1000 cm�1 and 856 �1, respectively, fibrillation of
SAA1.1 was accompanied by a decrease in their intensity, indi-
cating substantial changes in the local environments of these
amino acid residues upon SAA1.1 fibrillation. In the case of

SAA2.2, although a decrease in the Tyr band intensity occurred
upon SAA2.2 fibrillation, there were almost no changes in the
intensity of the Phe band at 1000 cm�1. The latter suggests that,
in contrast to SAA1.1, the local environment of Phe residues
does not change significantly upon SAA2.2 fibrillation. The
conclusions above are further supported by the spectral
changes in the region of 1200–1300 cm�1 upon fibrillation (Fig.
4). Although the overlap of Phe, Tyr, and amide III bands in this
region complicates the analysis and definitive interpretation,
more significant change in both 1200-cm�1 aromatic amino
acid band and amide III band on fibrillation is evident for
SAA1.1. In summary, theDUVRRdata suggest that SAA1.1 and
SAA2.2 may aggregate via different aggregation mechanisms.
Prefibrillar Species and Fibrils of SAA1.1 and SAA2.2 Exhibit

Differences in Structure and Morphology—The differences
between SAA1.1 and SAA2.2 in their fibrillation kinetics, AFM
images of their early stages of fibrillation, and fibrillar structure
as determined by DUVRR suggest differences in their fibril
morphology. Therefore, we further compared the AFM data of
the prefibrillar oligomers/early fibrils and mature fibrils of
SAA1.1 and SAA2.2. AFMdata show that SAA2.2 forms spher-
ical oligomers that rapidly assembled into short curvilinear
fibrils (Fig. 5a and Fig. 3b, 12 h). In contrast, after a long oli-
gomer-rich lag phase, SAA1.1 formed straight rigid-looking
protofibrillar (very short fibrils) structures (Fig. 5b and Fig. 3c,
100 h). The fibril assembly units of SAA1.1 and SAA2.2 were
clearly different, with oligomer heights of 2.0 and 1.0 nm,
respectively (Fig. 5c). It appears that the curvilinear protofibril-
lar units of SAA2.2 result in flexible fibrils that can braid
together into bundles (Fig. 3b,Mature SAA2.2). Such flexibility
was absent inmature SAA1.1 fibrils, which due to their rod-like
protofibrils, seem tomostly self-interact via lateral associations
(Fig. 3b). Thus, although at first glance the AFM images of
mature fibrils from SAA1.1 and SAA2.2 appear to be similar
(Figs. 3, b and c, and 5d), the differences at the prefibrillar and
early fibrillar levels are consistent with mature fibrils with sig-
nificant structural differences.
To further compare the structural differences between the

fibrils of SAA1.1 and SAA2.2, theDUVRR and far-UVCD spec-
tra were superimposed (Fig. 5, d and e). The DUVRR spectra
(Fig. 5d) were normalized using the Tyr and Phe bands at
�1600 cm�1. The differences of Phe bands at 1000 cm�1 indi-
cate that Tyr and Phe aromatic amino acids have a different
local environment in these two types of fibrils. Also, there is a

FIGURE 4. Comparing the structural differences between refolded and fibrillar SAA using Raman spectroscopy. a and b, shown are superimposed DUVRR
spectra of the refolded oligomer(s) and the mature fibrils of SAA1.1 (a) and SAA2.2 (b). The mature fibrils were formed after incubating SAA for 1 month at 37 °C.
To allow comparison, DUVRR spectra were normalized using the Tyr and Phe bands (�1600 cm�1).
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large difference in the frequency of C�—Hbendingmode, indi-
cating a significant change in the polypeptide backbone confor-
mation. C�-H peak has a maximum at 1385 cm�1 in the case of
SAA 1.1 fibrils, indicating a substantial presence of disordered
protein conformation. In contrast, the C�-H bandmaximum at
1400 cm�1 for the SAA2.2 fibrils is indicative of �-sheet struc-
ture. The far UV-CD spectrum of SAA2.2 shows a prominent
minimum near 215 nm, suggesting a high �-sheet content (Fig.
5e). SAA1.1 fibrils show two observable minima at 222 and 205
nm. The presence of a more prominent extrema at 205 nm (a
red shift of �10 nm from the typical random coil minima at
�195 nm) suggests the presence of significant amounts of
unordered secondary content. Thus, altogether, the AFM,
Raman, and CD data suggest that SAA2.2 and SAA1.1 aggre-
gate via different mechanism, leading to the formation of amy-
loid fibrils with significant structural differences.
Cross-seeding Experiments Suggest That SAA1.1 and SAA2.2

Form Amyloid Fibrils via Different Pathways—Amyloid forma-
tion can usually be accelerated by the addition of a small
amount of preformed amyloid from the same protein that acts
as a nucleation seed (22). To further probewhether SAA1.1 and
SAA2.2 were forming fibrils via distinct pathways, we self-
seeded and cross-seeded refolded-SAA with a 5% w/w aliquot
of SAA protofibrils and fibrils. The AFM images of the SAA
samples used for seeding experiments are shown in Fig. 6a. The
addition of SAA1.1 protofibrils to SAA1.1 resulted in a mild
seeding effect, but the addition of SAA2.2 protofibrils had no
effect on SAA1.1 fibrillation (Fig. 6b). In contrast, seeding SAA1.1
with SAA1.1 fibrils resulted in a strong seeding effect, whereas
SAA2.2 fibrils had no seeding activity on SAA1.1 (Fig. 6c).

For the seeding experiments of SAA2.2 fibrillation, we used
0.1 instead of 0.3 mg/ml protein to slow down the aggregation
rate and better evaluate the seeding effects. Interestingly, both
SAA2.2 and SAA1.1 protofibrils were able to seed the fibrilla-
tion of SAA2.2, with the former exhibiting a much higher ThT
fluorescence intensity (Fig. 6d). When mature fibrils were used
to seed SAA2.2 fibrillation, the SAA2.2 fibrils exhibited amuch

stronger seeding effect than the SAA1.1 fibrils (Fig. 6e).
Although the seeding kinetic effect of the SAA1.1 fibrils was
modest, the increase in ThT fluorescence was much higher
than in the absence of seeds. All in all, these results show that
SAA1.1 and SAA2.2 differ in their ability to cross-seed each
other’s fibrillation, suggesting that they inherently fibrillate via
different pathways.
Prefibrillar Oligomers of SAA1.1 and SAA2.2 Can Permeabi-

lize Synthetic Lipid Bilayers—It has been shown that amyloid-
related oligomers obtained from a variety of proteins possess
membrane permeabilization activity (23). Therefore, we
decided to probe whether the long-lived SAA1.1 oligomers
could disrupt model membranes in vitro. Asolectin bilayers are
good mimics of biological membranes(14, 24). Hence, we used
them to screen for the ability of various SAA aggregates to
destabilize or permeabilize lipid bilayers. Specifically, aggre-
gates formed during SAA fibrillation were exposed to lipid
bilayers, and we measured the conductance of the bilayer. For-
mation of discrete pores in the bilayer or membrane “leakage”
due to interaction with the aggregates can be probed by mea-
suring the current flowing from one chamber to another. The
addition of refolded SAA2.2 atmicromolar concentrations (0 h)
to the solution surrounding the bilayer led to an increase of
membrane conductance in all the experiments (Fig. 7a), sug-
gesting irreparable bilayer rupture due to formation of pores.
Similarly, bilayer leakage, but not disruption, was observed
when the bilayer was exposed to samples of SAA2.2 preincu-
bated at 37 °C for 1 h. Interestingly, no rupture or interaction
with the bilayer was observed when the SAA2.2 samples were
incubated at 37 °C for 4 h, 24 h, or 2 weeks (Fig. 7a) before
exposure to the lipid bilayer. These results suggest that the early
stage prefibrillar oligomers of SAA2.2, but not the short curvi-
linear fibrils or longer fibrils, have the ability to permeabilize
the asolectin bilayers. We then followed the propensity of
SAA1.1 aggregates formed upon incubation at 37 °C for differ-
ent time periods to causemembrane permeabilization. Surpris-
ingly, either bilayer leakage or bilayer disruption was observed

FIGURE 5. SAA1.1 and SAA2. 2 self-assemble into amyloid fibrils of different morphologies. a, AFM amplitude traces of early aggregates show clear
differences in protofibrillar shape and size between SAA1.1 (70 h) and SAA2.2 (10 h). b, a plot of the protofibril cross-section of SAA1.1 and SAA2.2 was obtained
from the corresponding height traces in a. c, shown are AFM images of full-length fibrils formed by SAA1.1 (150 h) and SAA2.2 (50 h). d, a plot of the fibril
cross-section was obtained from the corresponding height traces in c. e and f, the mature fibrils formed by the two isoforms were analyzed by DUVRR (e) and
far UV-CD (f) showing significant structural difference. The DUVRR spectra are the same as shown in Fig. 4. AM, amide.
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for SAA1.1 oligomers/aggregates formed after �24 h (Fig. 7b).
No bilayer disruption was observed for samples incubated at
37 °C for �2 weeks, suggesting that only the early-stage prefi-
brillar oligomers of SAA1.1 andnot the longer fibrils were capa-
ble of membrane permeabilization.
Membrane disruption effect of various SAA aggregates were

further studied by exposing them toDOPC:DOPG (dioleoylphos-
phatidylcholine:dioleoylphosphatidylglycerol; 80:20 w/w%) vesi-
cles loaded with calcein. Aggregates capable of causing mem-
brane permeabilization would result in the release of calcein
from the calcein-loaded vesicles. The amount of calcein
released can bemeasured by using fluorometric techniques and
can be correlated to provide information about the extent and
kinetics of membrane disruption caused by the aggregates.
About 50% leakage was obtained in the presence of aggregate at
�1 �M concentration of SAA1.1 throughout the first 24 h of
incubation at 37 °C (Fig. 7c). Subsequent aggregates showed
relatively less calcein leakage with the lowest leakage corre-
sponding to fibrillar samples. Early aggregates of SAA2.2

showed calcein leakage and gradually subsided over the first
12 h of aggregation at 37 °C. By 24 h no calcein leakage was
observed for SAA2.2 aggregates. These results indicate that
amyloid fibrils of SAA2.2 and SAA1.1 did not disrupt biomimic
membranes, but rather, membrane permeabilization coincides
with the presence of prefibrillar oligomers present during the
fibrillation lag phase.
To probe the ability of SAA to interact with cellular mem-

branes, we examined the effect of various SAA aggregates on
HEK293 cell using the MTS assay (see “Experimental Proce-
dures”) to monitor cell viability. SAA species (refolded-oli-
gomer, misfolded oligomers/protofibrils, and mature fibrils)
were concentrated to 3 mg/ml and added to cell cultures,
resulting in a 10-fold dilution of SAA to a concentration (0.3
mg/ml) relevant to that present during inflammation. The cells
were incubated with SAA in serum-free media for 6, 24, and
72 h before determining cell viability (Fig. 7d). Treatment with
SAA1.1 for 6 and 24 h showed mild loss of viability, but signif-
icant cytotoxicity was observed at 72 h. SAA2.2 species caused

FIGURE 6. Self- and cross-seeding effects of preformed SAA aggregates on the kinetics of SAA aggregation. a, amplitude AFM traces of SAA1.1 and
SAA2.2 aggregates (I, 1.1 protofibrils (3– 4 days); II, 2.2 protofibrils (3 days); III, 1.1 fibrils (2 weeks); IV, 2.2 fibrils (2 weeks)) were preformed by allowing
aggregation at 37 °C for the specified time and added (5% v/v) to refolded oligomers of SAA isoforms 1.1 and 2.2 as amyloid seeding agents. Self- and
cross-seeding effects of protofibrils (b) and fibrils (c) on SAA1.1 fibrillation are shown. Self- and cross-seeding effects of protofibrils (d) and fibrils (e) on SAA2.2
fibril formation are shown.
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cytotoxicity at all incubation times, but similar to SAA1.1, the
greatest effect was observed at 72 h. Interestingly, the SAA2.2
species were more toxic than their SAA1.1 counterparts when
incubated with the HEK cells for 6 and 24 h.

DISCUSSION

We show here that SAA1.1 and SAA2.2 form different olig-
omeric structures upon folding in vitro. When incubated at
37 °C, these refolding oligomers of SAA unfold, “misfold,” and
assemble into larger oligomers with distinct structure and amy-
loidogenicity. A preliminary model to illustrate the putative in
vitro fibril assembly pathway for SAA1.1 and SAA2.2 is shown
in Fig. 8. The prefibrillar oligomers of SAA2.2 assemble quickly
into protofibrils and curvilinear fibrils, whereas the larger
SAA1.1 prefibrillar oligomers accumulate, as if lacking a con-

formational change that would allow them to fibrillate. Eventu-
ally, SAA1.1 begins to assemble into straight fibrils with a
height similar to that of the oligomers that populate the lag
phase. Thus, the six residues (Fig. 1a) that differ between
SAA1.1 and SAA2.2 have a major effect on their oligomeriza-
tion and fibrillation in vitro, although their specific role is not
yet known. Although the pathological relevance of these find-
ings are unclear, the potential implications are intriguing.
What Is the Oligomeric Structure of Native SAA in Vivo?—

The high degree of sequence homology suggests that SAA1.1
and SAA2.2 likely have a similar monomeric structure. Far
UV-CD and DUVRR spectra suggest that they further share
similar secondary structures and likely comparable tertiary
folds, yet SAA2.2 can refold in vitro into an octamer and a
hexamer, whereas SAA1.1 forms tetrameric and dodecameric

FIGURE 7. Lipid membrane permeabilization caused by SAA prefibrillar oligomers. a, membrane leakage or disruption by SAA aggregates was probed by
measuring the conductance across the lipid bilayer. SAA2.2 oligomers interacted with the lipid bilayer and caused membrane disruption at 0 h and membrane
leakage at 1 h, but no membrane interaction was observed with older aggregates. b, SAA1.1 oligomers formed within 24 h caused membrane leakage or
complete membrane disruption, but no leakage was observed for the 2-week sample. c, kinetics of SAA2.2 and SAA1.1 membrane permeabilization were
probed using a calcein-based liposome leakage assay. SAA1.1 oligomers showed a higher propensity to cause liposome disruption and for a longer period of
time relative to SAA2.2 oligomers. Mature amyloid fibrils of both SAA1.1 and SAA2.2 caused lower membrane leakage relative to their respective oligomers.
d, the effect of various SAA aggregates on HEK293 cell was monitored using cell viability (MTS reduction) assay. SAA aggregates were added to cell cultures at
a final concentration of 0.3 mg/ml and incubated at 37 °C for 6, 24, and 72 h before determining cell viability. Cell viability is expressed as the percentage
reduction of MTS in treated cells compared with cells not exposed to any treatment (Live). Killed cells are those wells where media were replaced by sterile
water. The error bars in represent the S.D. from two independent experiments.
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oligomers. The physiological relevance of these oligomers is not
yet clear, especially as our thermal denaturation results suggest
that SAA2.2 and SAA1.1 may be disordered in vivo unless sta-
bilized by ligands (25). However, the possibility that SAA may
exist in different oligomeric forms in vivo is also supported by
other studies showing that SAA is able to oligomerize in vitro
(26–29) and in vivo (30, 31). In particular, recent studies have
shown the presence of various SAA oligomeric forms similar in
size to those we report here in murine spleen tissue (30) and
purified exosomes (31). In fact, in the former study (30), freshly
isolated SAA oligomers were �-helix-rich and in the molecular
weight ranges comparable to the refolded oligomers reported in
this study.
In serum, SAA is usually found associated to the third frac-

tion of HDL (32). However, we have previously shown that
SAA2.2 hexamer does not bind to HDL, suggesting that the N
terminus containing the HDL binding site is buried within the
hexamer, preventing interaction with lipid (33). Because it has
been shown that SAA can also exist in vivo in lipid-free form, it
is plausible that at high SAA concentrations (up to 1–2 mg/ml
(4)) present during inflammation, lipid-free SAAmight exist in
an oligomeric non-HDL binding state for functional reasons
(34). This reasoning is consistent with a study showing that
after an acute phase reaction in mice, SAA was found to be
circulating free in serum in addition to being HDL-bound (35,
36). Thus, the structural malleability of SAA1.1 and SAA2.2 we
observed in vitromay reflect the in vivo properties of SAA pro-
teins to allow the regulation of their many putative functions
related to cholesterol metabolism and the inflammatory
responses (34). Furthermore, it would help explain how a small
(103–104 residues) and marginally stable protein like SAA is
able to interact in vivo with many binding partners, including
HDL, cholesterol (37), outer membrane protein (38), heparin
(39), extracellular matrix glycoproteins (40), and platelets (41).
Long-lived SAA Prefibrillar Oligomers and Implications for

AA Amyloidosis—Many studies support the paradigm that the
toxic species in amyloid/misfolding diseases comprise mis-
folded oligomers and not the amyloid fibrils (23). Amyloid-re-
lated oligomers obtained from a variety of proteins have been
shown to cause membrane permeabilization and disruption
(23). Although the mechanism behind this interaction is
unclear, misfolded oligomeric species appear to behave like

amphipathic cell-penetrating peptides. Our results (Fig. 7) sim-
ilarly show that SAA1.1 and SAA2.2 oligomers are able to per-
meabilizemodel membranes in vitro and are in agreement with
previous studies demonstrating that SAA can form ion chan-
nels in vitro (27). Furthermore, our observation of SAA-in-
duced toxicity in HEK293 cells, especially during 72 h of expo-
sure, suggests that aggregated SAA species are able to adversely
interact with cellular membranes. Although the synthetic lipid
membranes and cell viability results did not show a direct cor-
relation, this is not surprising when considering the different
experimental conditions. Specifically, the synthetic membrane
experiments are quick and carried out at room temperature,
thereby allowing us to better probe the effect of the different
SAA species (refolded oligomers, misfolded oligomers/protofi-
brils, and amyloid fibrils). In contrast, the cellular assays are
slow, resulting in continuous SAA aggregation, especially for
SAA2.2 during the long incubation period at 37 °C. Therefore,
the cell viability experiments are not able to identify the toxic
species. Nevertheless, our results suggest that the aberrant inter-
actionofputatively toxicSAAspecieswith thecellmembranemay
involve a complex interplay of the structure/stability/aggregation
kinetics of oligomers, the physiochemical feature of the cell mem-
brane, and interaction with other proteins (42).
There is substantial evidence that SAAoligomers play a path-

ological role inAAamyloidosis. AA amyloidosis can be induced
in mice by administering extracts of amyloid-laden tissue that
act as an amyloid enhancing factor (43, 44), and the disease has
been shown to propagate via a prion-like mechanism (45).
More recently, SAA oligomers have been identified as the spe-
cies that triggers and transmits AA amyloidosis inmice (30, 31).
Our in vitro results show that the long fibrillation lag phase of
pathogenic SAA1.1, in contrast to the virtually spontaneous
fibrillation of non-pathogenic SAA2.2, accounts for the persis-
tent population of SAA1.1 prefibrillar oligomers. It should be
noted that to assess the pathological implications of the kinetics
of SAA oligomerization and fibrillation, further studies would
be required. Nevertheless, if this in vitro property of SAA1.1
and SAA2.2were to reflect their in vivobehavior during chronic
inflammation, this may imply that the oligomerization-fibrilla-
tion kinetics of SAA isoforms, and not their inherent amyloido-
genicity, could partly account for their diverse pathogenicity in
AA amyloidosis. More broadly, it seems likely that the rate at

FIGURE 8. Preliminary model of SAA1.1 and SAA2.2 fibrillation based on AFM data. Misfolded SAA2.2 aggregates into transient oligomers that undergo
linear assembly into curvilinear early fibrils. These curvilinear fibrils further elongate and intertwine into mature fibrils capable of self-assembling further into
braided bundles. In contrast, SAA1.1 forms spherical oligomers that are larger than those formed by SAA2.2 and give rise to rod-like protofibrils/early fibrils that
assemble into mature straight fibrils. These SAA1.1 fibrils seem more rigid than those formed by SAA2.2, as they do not intertwine but rather appear able to
interact laterally with each other.
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which toxic misfolded oligomers form and further aggregate
into less toxic species may be a general pathogenic factor in
amyloid diseases.
Pathological Implications of the Distinct Structure and Mor-

phologies of Prefibrillar and Fibrillar SAA Species—Unlike
small globular proteins that usually exist in a single native con-
formation, fibrilsmay exhibit a variety ofmorphologies (46, 47).
More recently, simulation studies have shown that amyloid
polymorphism is under kinetic control and that by varying the
relative stabilities of an amyloid-competent and amyloid-resis-
tant species, morphological differentiation can be observed (48,
49). Despite the similar sequence of SAA2.2 and SAA1.1, they
formed different oligomeric species that led to the formation of
fibrils of different structure (Fig. 5). The pathological implica-
tions of this finding are not clear, but recent studies have shown
that distinct fibril morphologies can be linked to different bio-
logical activities such as phenotypic expression in yeast prions
(50), toxicity to neuronal cells (51), and deposition patterns
(52). Interestingly, amyloid tissue from patients with AA amy-
loidosis were shown to contain significant structural disorder
and variability, suggesting that polymorphism is an intrinsic
property of SAA fibrils (53). The high concentration of SAA
during inflammation along with the presence of other in vivo
ligands might modulate the kinetics of SAA aggregation, favor-
ing certain oligomers and morphologies over others.
Overall, the results of our study suggest that factors affecting

the kinetics of assembly, the pathway of aggregation, and the
stability of the various SAA species on the amyloid pathway are
likely to play an important role in the diverse pathogenicity of
different SAA isoforms across species and might also be rele-
vant to other amyloid diseases.
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