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ABSTRACT: The fibrillar deposition of serum amyloid A (SAA) has been linked to the disease amyloid A (AA) amyloidosis.
We have used the SAA isoform, SAA2.2, from the CE/J mouse strain, as a model system to explore the inherent structural and
biophysical properties of SAA. Despite its nonpathogenic nature in vivo, SAA2.2 spontaneously forms fibrils in vitro, suggesting
that SAA proteins are inherently amyloidogenic. However, whereas the importance of the amino terminus of SAA for fibril
formation has been well documented, the influence of the proline-rich and presumably disordered carboxy terminus remains
poorly understood. To clarify the inherent role of the carboxy terminus in the oligomerization and fibrillation of SAA, we
truncated the proline-rich final 13 residues of SAA2.2. We found that unlike full-length SAA2.2, the carboxy-terminal truncated
SAA2.2 (SAA22AC) did not oligomerize to a hexamer or octamer, but formed a high molecular weight soluble aggregate.
Moreover, SAA2.2AC also exhibited a pronounced decrease in the rate of fibril formation. Intriguingly, when equimolar amounts
of denatured SAA2.2 and SAA2.2AC were mixed and allowed to refold together, the mixture formed an octamer and exhibited
rapid fibrillation kinetics, similar to those for full-length SAA2.2. These results suggest that the carboxy terminus of SAA, which is
highly conserved among SAA sequences in all vertebrates, might play important structural roles, including modulating the

folding, oligomerization, misfolding, and fibrillation of SAA.
S erum amyloid A (SAA), one of the major acute phase
proteins, is synthesized primarily in the liver and found
predominantly circulating through the plasma bound to high-
density lipoproteins. Variants of SAA have been found in all
vertebrates investigated." Although the detailed functions of
SAA remain poorly understood, SAA appears to play an
important role in functions related to inflammation, cholesterol
transport, HDL metabolism, and host survival during an
inflammatory response.l’2 An acute phase response resulting
from inflammatory stimuli such as tissue injury, trauma, or
infection can result in a dramatic 1000-fold increase in the
plasma concentration of SAA,*~* which is normally present in
the plasma in trace amounts.® Persistent high concentrations of
SAA in plasma or specific tissues during the inflammatory
response may result in the development of a potentially fatal
disease — reactive amyloidosis or AA amyloidosis."® AA
amyloidosis is characterized by the extracellular fibrillar
deposition of SAA accompanied by localized cell death in
organs such as the liver, spleen, and kidney.”'°~'* SAA has also
been linked to several pathological conditions including
atherosclerosis, rheumatoid arthritis, cancer, and Alzheimer’s
disease.>'371¢
The fact that AA amyloidosis can be induced in mice by
chronic inflammatory factors such as casein, silver nitrate, or
lipopolysaccharide®'” makes the mouse a good model system
to study the mechanism of SAA fibrillation and patho-
genesis.'™'? Also, because there is high sequence homology
between the different variants of SAA, the mechanistic insights
obtained from the mouse model may be broadly generalized
and applied to other vertebrate species, including humans.
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Most mouse strains contain the acute phase proteins SAAIL.1
and SAA2.1, but only the former is found in amyloid
deposits.”*>* Synthetic peptides corresponding to SAAIL.1
residues 17—49 and 77-103, which contain heparan sulfate
binding sites, were found to promote (residues 17-49)* or
inhibit (residues 77—103)** the deposition of AA amyloid in a
monocyte culture model for AA amyloidogenesis. In contrast to
the high amyloidogenicity of SAA1.1, the CE/] mouse strain
contains only one SAA isoform, SAA2.2, which does not form
amyloid fibrils in vivo."®"” The presence of SAA2.2 also does
not protect CE/] X CS$7BL/6 hybrid mice from SAAIl.1
amyloid deposition upon inflammation induced by casein.*®
Despite their different in vivo amyloidogenicities, both
SAAL1 and SAA22 form fibrils in vitro at 37 °C2°7®
Whereas SAAIL.1 structural and fibrillation studies are
challenging due to its poor solubility, SAA2.2 has better
solubility than SAAI.1. Furthermore, the sequence of SAAI.1
differs from that of SAA2.2 at only six amino acid residues.
Specifically, amino acid residues 6, 7, 11, 60, 63, and 101 are I,
G, QA S, and A in SAAL.l and V, H, L, G, A, and D in
SAA2.2, respectively. Given its higher solubility relative to
SAAl.1, ability to spontaneously form fibrils in vitro at 37
°C,”*"*® and very high sequence homology with SAA1.1, we
have chosen SAA2.2 (the isoform produced by the CE/] mouse
strain'®) for our preliminary mechanistic studies in this work.
We also note that we have used delipidated (apo) SAA2.2 for
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our studies. Physiologically, SAA is predominantly associated
with HDL, and our studies may therefore not be relevant to the
in vivo situation. However, because our goal was to probe the
intrinsic role of the C terminus in the structure and aggregation
propensities of SAA, the absence of HDL was required for our
in vitro studies.

Little is known about the structure of SAA2.2 beyond circular
dichroism-based secondary structure analysis and algorithm-
based predictions of secondary structure indicating significant o
helix content.”” Previous studies have shown that SAA2.2 forms
a kinetically accessible octameric species upon refolding in vitro
at 4 °C, which eventually is converted to a more
thermodynamically stable hexamer containing a central
channel.””*® Although the octamer is the species formed
during the first stage of refolding, the hexamer appears to be the
more thermodynamically stable in vitro native state of
SAA22.%

The sequence of SAA2.2 can be divided into three regions:
residues 1—38, which comprise the a helix-enriched N-terminal
region of SAA; the central region from residue 39 to residue 86;
and the proline-rich polar C-terminal region, which is believed
to be solvent exposed.”” Most previous studies have focused on
the importance of the N terminus of SAA in fibrillation,”**°
and the role of the carboxy terminus in folding, oligomerization
and fibrillation remains poorly understood. C-terminal
truncated SAA has been found in amyloid fibrils generated
during AA amyloidosis in humans; whereas an N-terminal
fragment containing the first 76 amino acid residues
predominates,’ full-length SAA”® and other N-terminal frag-
ments of different length have also been observed in the
amyloid deposits of patients suffering from AA amyloidosis.>”
Therefore, it is not clear whether SAA proteolysis is a
prerequisite for amyloid deposition in vivo or a postdeposition
event. It has been shown that the proteolytic removal of the C-
terminus is not required for the formation of fibrils by duck
SAA.>! In addition, full-length mouse SAA2.2 and SAA1.1 form
fibrils in vitro under physiological-like conditions (i.e., 37 °C
and pH 7.4) (see refs 26, 28, and unpublished results). Because
the C terminus is proline-rich and highly polar, it seems likely
that it is not a basic component of the amyloid fibrils, thereby
supporting the idea that SAA proteolysis is a postdeposition
event in AA amyloidosis. In contrast, other papers suggest that
the C terminus of SAA may play a role in the pathogenesis of
AA amyloidosis.>>** Specifically, Magy et al. suggested that
amyloid formation in AA amyloidosis involves the C-terminal
processing of SAA.>* In a recent paper on the pathogenesis of
AA amyloidosis,” Van der Hilst suggested that C-terminal
processing””** and the formation of f-rich species® are the
two prerequisites for AA amyloidosis. Thus, the role of the C
terminus of SAA in AA amyloidosis is still not clear and,
therefore, warrants an in-depth analysis of the intrinsic role of
the carboxy terminus of lipid-free SAA in its structure, folding,
and aggregation.

In this study, we investigated the influence of the carboxy
terminus on the in vitro native structure, misfolding, and
fibrillation of SAA2.2. A truncated version of SAA2.2, which we
call SAA2.2AC, was obtained by truncating 13 amino acids
from the carboxy terminus of full-length SAA2.2 (103 amino
acids). Truncation of full-length SAA2.2 after the 90th amino
acid residue (i.e., before P91, see the Supporting Information)
represented the shortest truncation required to remove the
proline-rich C-terminal region. Although it was previously
suggested that the proline-rich C-terminal residues of SAA2.2,
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being highly solvent exposed and most likely unstructured,
were unlikely to contribute to SAA2.2 hexamerization,”” we
found that SAA2.2AC does not refold into a hexamer or an
octamer, but rather forms large soluble aggregates. Also,
SAA2.2AC exhibited slower fibrillation kinetics than SAA2.2,
but formed similar protofibrils and mature fibrils. Finally, when
equimolar amounts of full-length SAA2.2 and carboxy-terminal
truncated SAA2.2AC were mixed and then allowed to refold
together, the mixture formed octamers and did not exhibit slow
fibrillation kinetics, further supporting an important intrinsic
role for the carboxy terminus in the in vitro folding,
oligomerization, and fibrillation of SAA.

B EXPERIMENTAL PROCEDURES

SAA2.2 and SAA2.2AC Expression and Purification.
Murine SAA2.2 ¢cDNA was cloned into a pET21-a(+) vector
between the Ndel and BamHI sites and transformed into
Escherichia coli BL21 (DE3) pLysS-competent cells as described
previously.>® SAA2.2 cDNA was truncated after the 90th amino
acid residue using a QuickChange site-directed mutagenesis kit
(Agilent, Santa Clara, CA, USA) and transformed into E. coli
BL21 (DE3) pLysS-competent cells. The cells were grown,
expressed, and lysed as described previously.”” The protein was
found to be expressed as inclusion bodies. These inclusion
bodies were dissolved in cation exchange buffer (6 M urea/20
mM sodium acetate, pH 5.6), and the lysate was loaded onto an
SP Sepharose Fast Flow cation exchange column (GE
Healthcare Biosciences) on an HPLC (Waters Corp., Milford,
MA, USA) and eluted with cation exchange elution buffer (6 M
urea/20 mM sodium acetate/400 mM NaCl, pH $5.6) using a
10—65% salt gradient. The relevant fractions were pooled and
desalted by dialyzing them against anion exchange buffer (6 M
urea/20 mM Tris, pH 8.3). This desalted fraction was then
loaded on a DES2 anion exchange column with anion exchange
buffer on a HPLC (Waters Corp.) and eluted with anion
exchange elution buffer (6 M urea/20 mM Tris/400 mM NaCl,
pH 8.3) using a 10—65% salt gradient. The relevant fractions
were pooled and concentrated via several rounds of ultra-
filtration and then loaded on a HiLoad 16/60 Superdex 200
preparative grade column (GE Healthcare Biosciences) pre-
equilibrated with size exclusion chromatography buffer (6 M
urea/20 mM Tris/200 mM NaCl, pH 8.3), and the relevant
fractions were collected and concentrated using an Amicon
ultrafiltration cell. The purity of the protein was confirmed by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and electrospray ionization—mass spectroscopy.
Protein concentration was determined by measuring the
absorbance at 280 nm and using calculated values of the
extinction coefficients.

Refolding of SAA2.2 and SAA2.2AC. The proteins were
refolded by dialyzing against Tris buffer (20 mM Tris, pH 8.3)
using a 3 kDa MWCO membrane at 4 °C. The buffer was
precooled to a temperature of 4 °C before dialysis was begun.
The buffer was changed after 45 min of dialysis; several
additional buffer changes were carried out in the next 12 h to
ensure removal of traces of urea from the solution. The dialyzed
protein (~30 uL) was then loaded in a Superdex 200 10/300
GL analytical column (GE Healthcare Biosciences) at 4 °C to
determine its oligomeric state. All experiments were performed
using freshly refolded SAA to provide a consistent starting
point for the studies.

Size Exclusion Chromatography (SEC). SEC studies on
the proteins were carried out on a Superdex 200 10/300 GL
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analytical column (GE Healthcare Biosciences) using an AKTA
purifier UPC 10 (GE Healthcare Biosciences). Molecular
weight (MW) standards were used to calibrate the SEC
column. Approximately 30—40 uL of the protein (30 uM) was
loaded in the column that had been pre-equilibrated with buffer
(20 mM Tris/200 mM NaCl, pH 8.3, 4 °C); the elution was
carried out at a flow rate of 0.5 mL/min at 4 °C. The column
and the buffers were maintained at 4 °C at all times during the
analysis.

Circular Dichroism (CD). Far-UV CD spectra were
recorded using a J-815 CD spectrometer (Jasco, Easton, MD,
USA). Freshly refolded protein samples were diluted to a final
concentration of 30 yM using Tris buffer (20 mM Tris, pH
8.3). The diluted SAA samples were loaded in a circular quartz
cuvette (1 mm path length), and five spectra were collected
from 190 to 240 nm for each sample with a bandwidth of 1 nm
and time constant of 5 s and later averaged. The sample
chamber was maintained at 4 °C during the measurements.

Dynamic Light Scattering (DLS). The light scattering
intensity of SAA2.2AC was measured using a DynaPro-Titan
Batch DLS instrument (Wyatt Technology Corp., Santa
Barbara, CA, USA), and the DYNAMICS software was used
to resolve the acquisitions into a well-defined distribution of
hydrodynamic radii.’” The sample chamber was maintained at 4
°C during signal acquisition. To remove any insoluble particles,
the protein solutions were spun at 12000 rpm for 10 min at 4
°C prior to data acquisition. The DYNAMICS software
algorithms were used to estimate the MW of the species in
the sample on the basis of their hydrodynamic radii. The
globular protein model in the DYNAMICS program was used
to estimate the MW distribution from the obtained distribution
of hydrodynamic radii.

Thioflavin T (ThT) Fluorescence Assay. For the ThT
fluorescence assay, a solution containing freshly refolded
protein (30 M) in Tris buffer (20 mM Tris, pH 8.3) was
prepared at 4 °C and then incubated at 37 °C without agitation.
At desired time intervals, S0 uL of SAA (30 uM) was first
aspirated very gently and mixed with S0 uL of ThT dye
solution (100 M) and 350 uL of glycine—NaOH buffer (50
mM glycine, pH 8.5), and the ThT fluorescence intensity at
485 nm (emission maxima) was recorded. The experimental
settings used were as follows: excitation wavelength, 440 nm;
emission wavelength, 485 nm; excitation bandwidth, 10 nm;
emission bandwidth, 10 nm; scan time, 90 s.

SDS-PAGE. Protein samples were analyzed using 10—20%
Tris—glycine SDS gels (Invitrogen). Protein bands were stained
using Coomassie blue dye.

Atomic Force Microscopy (AFM). SAA samples at
different incubation times were first diluted 10—20-fold in
Tris buffer (20 mM Tris, pH 8.3). The diluted samples were
applied on freshly cleaved mica and allowed to incubate for 15
min. The mica surface was then cleaned three times with
filtered water, and the plate was allowed to dry in air overnight.
AFM images were obtained at room temperature using an
Asylum Research MFP 3D AFM instrument (Asylum Research,
Santa Barbara, CA, USA), operating in tapping mode in air.
Specifications of the silicon cantilevers (AC240TS, Olympus)
used for AFM analysis were as follows: spring constant, 1.8 N/
m; tip radius, <10 nm; resonant frequency, 70 kHz; tip height,
14 pm; cantilever thickness, 2.8 ym.
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B RESULTS

Carboxy-Terminal Truncated SAA Forms a High
Molecular Weight Aggregate on Refolding. Full-length
SAA2.2 and the truncated protein SAA2.2AC, having molecular
masses of 11.67 and 10.1 kDa, respectively, were purified as
described under Experimental Procedures. Because SAA2.2 has
marginal stability at physiological temperatures,”® we chose to
refold both proteins at 4 °C, at which SAA2.2 has been shown
to be sufficiently stable.””** To provide a consistent starting
point, we used freshly refolded proteins in experiments that
compared the oligomerization and fibrillation propensities (see
Experimental Procedures). Specifically, solutions of SAA2.2 or
SAA2.2AC in a buffer containing 6 M urea, 20 mM Tris, and
200 mM NaCl (pH 8.3) were dialyzed against Tris buffer (20
mM Tris, pH 8.3) over a period of 12 h with frequent buffer
changes. These freshly refolded proteins were used in all of the
experiments described below.

We first characterized the native state of SAA2.2AC and
compared its oligomeric state to that of full-length SAA2.2
using SEC. SEC data for SAA2.2 (Figure 1A) showed a
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Figure 1. Characterization of SAA2.2 and SAA2.2AC by SEC, DLS,
and far UV-CD: (A) SEC elution profiles of SAA2.2 (dashed curve)
and SAA2.2AC (solid curve); (B) distribution of the hydrodynamic
radii of SAA2.2 (shaded bar) and SAA2.2AC (black bars) as measured
by DLS (% mass is plotted against the hydrodynamic radius); (C, D)
far UV-CD spectra of SAA2.2 and SAA2.2AC, respectively (the
concentration of protein was 30 uM). SEC, DLS, and CD experiments
were performed at 4 °C.

dominant species (>90%) with an elution volume of 13.9 mL
and a species (<10%) having an elution volume of 18.0 mL. On
the basis of the calibration curve using MW standards, the
species with an elution volume of 13.9 mL is consistent with an
octameric species, whereas the species with an elution volume
of 18.0 mL represents a monomeric species. This elution profile
obtained for full-length SAA2.2 agrees well with a previous
study.” In particular, prior in vitro studies on SAA2.2 had
shown that refolding of SAA2.2 results in the formation of a
kinetically accessible octameric species during the initial stages
of SAA refolding. In the course of 3—4 weeks at 4 °C, the
octamer undergoes a gradual transformation to a hexamer.”
Intriguingly, SEC data for SAA2.2AC (Figure 1A) indicated
that almost all (>95%) of SAA2.2AC eluted within the void
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volume region of the column (V, = 7.9 mL). This result
suggests that SAA2.2AC does not form an octamer or hexamer,
which are characteristic of the full-length SAA2.2, but instead
forms high MW soluble aggregates. A small SEC peak (<5%)
with an elution volume (18.1 mL) consistent with monomeric
SAA22AC was also observed. Analysis of the void volume
fraction by DLS (Figure 1B) suggests that these high MW
soluble aggregates consist of a heterogeneous population of
oligomers, most of which have hydrodynamic radii ranging
from 7 to 16 nm. An oligomer with a hydrodynamic radius of
7.2 nm accounted for ~57% of the mass of the oligomer
population. The DYNAMICS MW prediction program (see
Experimental Procedures) estimated that the molecular mass of
this dominant oligomer is ~750 kDa, and the molecular masses
of the entire population of soluble aggregates range from ~700
to 1700 kDa (i.e., ~70—170 subunits). This MW range is more
than the upper MW limit of the column used for analysis and
would therefore explain the elution of these aggregates in the
void volume. Full-length SAA2.2, on the other hand, consists
primarily of an oligomer having a hydrodynamic radius of ~4.1
nm (Figure 1B), consistent with an octamer, as previously
reported.”® Collectively, the results obtained from SEC and
DLS (Figure 1) indicate that in the absence of the carboxy
terminus, SAA2.2 did not form an octamer like full-length
SAA2.2, but instead formed higher MW soluble aggregates that
we will refer to as “SAA2.2AC aggregates”.

We also used far-UV CD spectroscopy at 4 °C to compare
the secondary structures of full-length SAA2.2 and SAA2.2AC
(Figure 1C,D). As seen in Figure 1C,D, both SAA2.2 and
SAA2.2AC appear to have a-helical content as indicated by the
two negative peaks centered around 222 and 208 nm. However,
mean residual ellipticity values for SAA2.2AC are much lower
than the values obtained for equimolar amounts of SAA2.2.
This reduction in the ellipticity values may be a result of
differential absorption flattening effects, which have been
known to produce distortions in the CD spectra of large
membrane proteins,®®~*' and aggregated molecules.**

SAA2.2AC Follows Slower Fibrillation Kinetics Rela-
tive to Full-Length SAA2.2. Previous studies on the
fibrillation kinetics had reported that SAA2.2 is a highly
amyloidogenic protein in vitro and spontaneously forms
amyloid fibrils at 37 °C.>”*® Because in vivo amyloid deposits
are complex and heterogeneous, we note that in our use of the
term “amyloid” to describe the SAA fibrils formed in vitro, we
refer to protein-only aggregates having a cross-f-sheet
structure. We used the ThT binding assay to compare the
fibrillation kinetics of SAA2.2 and SAA2.2AC (Figure 2 and
Table 1). Thioflavin T is a benzothiazole dye that is
characterized by enhanced fluorescence upon binding to
cross-f} structures and has been used extensively to study the
fibrillation kinetics of proteins.**~*

To induce fibrillation, we incubated the proteins (30 £M) at
37 °C and monitored the intensity of ThT fluorescence at
different time intervals. SAA2.2 aggregation was characterized
by a spontaneous increase in the intensity of fluorescence
(Figure 2A).*>® The ThT fluorescence intensity reached its
maximum value by ~20 min, after which there was no
significant change in the fluorescence intensity. Interestingly,
the rate of SAA2.2AC fibrillation was much slower compared
to that of SAA2.2 and was characterized by a very gradual
increase in the ThT fluorescence intensity, reaching a
maximum value only after ~12 h (Figure 2B). The fluorescence
intensities at various time points during the first 12 h fit a
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Figure 2. Characterization of the aggregation of SAA2.2 and
SAA2.2AC by the ThT fluorescence assay. ThT fluorescence intensity
was evaluated as a function of time to monitor fibril formation for (A)
SAA2.2 and (B) SAA2.2AC. The concentration of protein was 30 uM.
ThT fluorescence intensities were recorded by incubating the samples
at 37 °C.

sigmoidal curve with an inflection point of ~5 h (Figure 2B).
No significant change in the ThT fluorescence values was seen
after 12 h, suggesting no significant further change in the cross-
f content. These results indicate that SAA2.2AC, which
initially consists predominantly of the “SAA2.2AC aggregates”,
follows slower fibrillation kinetics than full-length SAA2.2.

Characterization by AFM Confirms That Misfolding
and Aggregation of SAA2.2AC Result in the Formation
of SAA2.2-like Amyloid Fibrils. We monitored the
misfolding and aggregation of both wild type and truncated
protein by AFM. The proteins were incubated at 37 °C, and
AFM samples were prepared using freshly cleaved mica (see
Experimental Procedures) at different time intervals during the
course of aggregation for both proteins.

As shown in Figure 3A, images obtained from samples of
SAA2.2 incubated at 37 °C for 12 h showed the presence of
“protofibril-like” curvilinear aggregates followed by the
formation of mature fibrils in 24 h (Figure 3B). Panels C and
D of Figure 3 represent AFM images obtained at different time
intervals during the aggregation of SAA2.2AC. By 24 h, small
curvilinear protofibrillar aggregates started populating, as seen
in Figure 3C. The height of these protofibrillar aggregates was
~2—3 nm. Figure 3D is a representative AFM image of the
samples obtained after the incubation of SAA2.2AC for 48 h at
37 °C, and it shows that SAA2.2AC can form mature fibrils.
The height of these fibrils was also ~2—3 nm, similar to the
height of the protofibrillar aggregates seen after 24 h and those
formed by SAA2.2.

These results indicate that the aggregation of SAA2.2AC and
full-length SAA2.2 results in the formation of fibrils of similar
height and overall morphology. This process proceeds through
the formation of protofibrillar aggregates in the intermediate
stage and full-length fibrils in the last stage. The rate of
fibrillation, however, is considerably slower for SAA2.2AC than
for SAA2.2. Thus, the AFM data suggest that the proline-rich C
terminus might directly affect the kinetics of SAA amyloid
formation in vitro or, alternatively, might play a role in
protecting the lipophilic SAA2.2 against formation of non-
amyloidogenic aggregates that might compete with and slow
amyloid formation.

An Equimolar Mixture of SAA2.2 and SAA2.2AC
Forms a Mixed Octamer on Refolding That Exhibits
SAA2.2-like Structure, Oligomerization, and Fibrillation
Kinetics. As described previously, SAA2.2AC did not
oligomerize into an octamer, but rather assembled into large
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Table 1. Oligomeric State of SAA and SAA2.2AC at 4 and 37 °C

Aggregation at 37 °C

Oligomeric state upon refolding at 4 °C  Time (h) to reach plateau in aggregation

Protein (Figure 1) kinetics curve (Figu
SAA2.2 octamer 0.5
SAA22AC HMW aggregate (70—170-mer) 16

Predominant species present ~ Predominant species present

[

NEAEA®D
coooee

% Counts

1 2 3 4 5

1 2 3 4 5
Height of Aggregate (nm) Height of Aggregate (nm)

i~/

% Counts

1
Height of Aggregate (nm)

2 3 4 5

1 2 3 4 5
Height of Aggregate (nm)

Figure 3. AFM analysis and height distribution of aggregates formed
by SAA2.2 and SAA22AC: (A) SAA2.2, 12 h, 37 °C; (B) SAA22, 24
h, 37 °C; (C) SAA2.2AC, 24 h, 37 °C; (D) SAA2.2AC, 48 h, 37 °C.
All scale bars represent 1 ym.

soluble aggregates. The ability of SAA2.2AC to form amyloid
fibrils, although at a much slower rate, indicates that the C
terminus is not intrinsically required for SAA fibril formation,
but instead might play a kinetic role by limiting access to other
structures that SAA might fold/aggregate into. Therefore, to
further probe the role of the carboxy terminus of SAA in its
oligomerization and fibrillation, we first tested the ability of
SAA22AC to oligomerize in the presence of full-length
SAA22. To that end, we mixed equimolar quantities of
separately purified denatured SAA22AC and SAA2.2 (in
solutions containing 6 M urea) and then refolded the mixture
containing both proteins by dialysis (see Experimental
Procedures). We analyzed by SEC the quaternary structure of
the species formed during the initial stages of refolding of this
mixture. Intriguingly, whereas SAA2.2 and SAA2.2AC refolded
separately into predominantly octamers and “SAA2.2AC
aggregates”, respectively (Figure 1A,B), a mixture containing
equimolar quantities of both proteins refolded into a mostly
octameric species with the expected SEC elution volume of
13.9 mL (Figure 4A). To determine the constituent species
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Figure 4. Characterization of the structure and aggregation of the “co-
oligomer” obtained by refolding an equimolar mixture of SAA2.2 and
SAA22AC: (A) SEC elution profile of the co-oligomer; (B) SDS-
PAGE gel (lanes: 1, protein ladder; 2, co-oligomer; 3, SAA2.2AC; 4,
SAA22); (C) far UV-CD spectrum of the co-oligomer; (D) ThT
fluorescence assay results to monitor the fibrillation of the co-
oligomer. The concentration of the protein was 30 M. SEC and CD
experiments were performed at 4 °C. ThT fluorescence intensities
were recorded by incubating the samples at 37 °C.

comprising this octamer, we used SDS-PAGE. Figure 4B is the
image of the gel obtained when pure octamer, obtained by
isolating the fraction corresponding to the “octamer peak” (V,
= 13.9 mL) was run on a denaturing gel. Interestingly, two
separate bands were clearly visible between the 6 and 16 kDa
molecular mass standards. Comparison of these two bands with
those corresponding to full-length SAA2.2 and SAA2.2AC in
adjacent lanes shows that the octamer consists of both SAA2.2
and SAA2.2AC. Analysis using Image] software*®* indicated
that both bands had very similar intensities, suggesting that the
co-octamer contains equal numbers of subunits of SAA2.2 and
SAA2.2AC. We next characterized the secondary structure of
this “co-oligomer” by far-UV CD spectroscopy. As seen in
Figure 4C, the co-oligomer was rich in a-helical content, which
was evident from the two negative peaks at 222 and 208 nm.
The observation that SAA2.2AC cannot form octamers in
isolation (Figure 1A,B) but can form octamers in the presence
of full-length SAA2.2 confirms the importance of the carboxy
terminus of SAA for in vitro native state oligomerization.
Furthermore, SAA2.2AC’s ability to form mixed octamers with
SAA2.2 suggests that the C terminus is not structurally essential
for octamer formation and might, instead, play a role in
stabilizing the octamer or providing it kinetic accessibility early
in folding/oligomerization.

Next, we studied the aggregation kinetics of the co-oligomer
by using the ThT fluorescence assay. The co-oligomer
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aggregation was characterized by a rapid increase in the ThT
fluorescence intensity, suggesting spontaneous conversion of
the a-helical co-oligomer to cross-f-rich aggregates (Figure
4D). In fact, the ThT fluorescence spectrum displayed no
observable lag time, and the fluorescence reached its maximum
value by ~20 min. This trend of fast fibrillation kinetics
exhibited by the co-oligomer is similar to that for full-length
SAA2.2 (Figure 2A) but significantly different from the much
slower profile displayed by SAA22AC alone. The faster
fibrillation kinetics of SAA2.2 and the co-oligomer suggests
that the octamer provides a more direct access to the fibril
formation pathway than the larger SAA2.2AC aggregates.

B DISCUSSION

A better understanding of the biological and pathological roles
of the carboxy terminus of SAA will require elucidating the
intrinsic influence of this polar and proline-rich region in the
folding, oligomerization, and fibril formation of nonpathological
and pathological SAA isoforms. Although the carboxy terminus
of SAA seems likely to be intrinsically disordered, our results
suggest that it nevertheless plays an important role in
determining the in vitro oligomeric state of SAA2.2 (Figure
1). However, our co-refolding experiments suggest that the C
terminus of SAA does not play a direct structural role in
octamer oligomerization, but rather seems to facilitate octamer
formation by inhibiting the formation of other structures. The
recruitment of SAA2.2AC by SAA2.2 early in folding to form a
co-octamer with equal amounts of both SAAs suggests that this
recruitment (i.e., SAA2.2—SAA2.2AC interaction) is efficient
and may occur at the level of dimerization.

Comparison of the fibrillation kinetics of SAA2.2 and
SAA22AC using the ThT fluorescence assay revealed that
the truncation of the carboxy terminus of SAA2.2 significantly
reduces its rate of fibrillation. Nevertheless, AFM results show
that both proteins followed similar fibrillation pathways and
ultimately formed amyloid fibrils with similar morphologies.
These results suggest that the proline-rich C terminus plays a
kinetic role in SAA2.2 fibril formation in vitro, instead of being
an integral part of the fibril structure. Plausible reasons for the
long lag phase of SAA2.2AC include slow dissociation of the
SAA2.2AC aggregate, slow rate of @ helix to # sheet misfolding,
and formation of off-pathway oligomers competing with the
formation of on-pathway amyloidogenic oligomers.

The ability of SAA to “rescue” SAA2.2AC early in folding
from a pathway leading to high MW aggregates suggests that
the C terminus assists native folding and oligomerization by
inhibiting misfolding and aggregation into other structures. It is
also worth noting that the C terminus of SAA contains a
heparan sulfate binding site,** and previous studies have shown
that heparan sulfate may facilitate amyloid fibril forma-
tion.”***® Thus, the C terminus of SAA, which is also highly
conserved among SAA sequences in all vertebrates, might play
important structural roles, including modulating the folding,
oligomerization, and fibrillation of SAA.

Several studies on different amyloid proteins have suggested
that early intermediates (non-native oligomers) or “protofibrils”
in the aggregation pathway of amyloid proteins may be the
primary toxic species and that fibril formation might be a
defensive mechanism to minimize toxicity.”' > Owing to its
slower rate of fibrillation, SAA2.2AC aggregates exist as
spherical aggregates and protofibrillar aggregates for a longer
period of time as compared to SAA2.2. In future work, we will
compare the toxicity of the intermediate aggregates and
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protofibrils formed by carboxy-terminal truncated and full-
length SAA2.2 and SAAL.1. These forthcoming studies with the
in vivo pathogenic isoform SAA1.1 and other pathogenic SAAs
(e.g, human SAAs) might help illuminate the toxic species and
the significance of the carboxy terminus processing in AA
amyloidosis.

B ASSOCIATED CONTENT

© Supporting Information

The amino acid sequence of SAA2.2 and SAA2.2AC and AFM
analysis of HMW soluble oligomers formed by SAA2.2AC
(Figure S1). This material is available free of charge via the
Internet at http://pubs.acs.org.
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