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Apolipoprotein A-I (apoA-I) is themajor protein component of HDL,
where it plays an important role in cholesterol transport. The de-
position of apoA-I derived amyloid is associated with various he-
reditary systemic amyloidoses and atherosclerosis; however, very
little is known about the mechanism of apoA-I amyloid formation.
Methionine residues in apoA-I are oxidized via several mechanisms
in vivo to form methionine sulfoxide (MetO), and significant levels
of methionine oxidized apoA-I (MetO-apoA-I) are present in normal
human serum. We investigated the effect of methionine oxidation
on the structure, stability, and aggregation of full-length, lipid-free
apoA-I. Circular dichrosim spectroscopy showed that oxidation of
all three methionine residues in apoA-I caused partial unfolding of
the protein and decreased its thermal stability, reducing the melt-
ing temperature (Tm) from 58.7 °C for native apoA-I to 48.2 °C for
MetO-apoA-I. Analytical ultracentrifugation revealed that methio-
nine oxidation inhibited the native self association of apoA-I to
form dimers and tetramers. Incubation of MetO-apoA-I for
extended periods resulted in aggregation of the protein, and these
aggregates bound Thioflavin T and Congo Red. Inspection of the
aggregates by electron microscopy revealed fibrillar structures
with a ribbon-like morphology, widths of approximately 11 nm,
and lengths of up to several microns. X-ray fibre diffraction studies
of the fibrils revealed a diffraction pattern with orthogonal peaks
at spacings of 4.64 Å and 9.92 Å, indicating a cross-β amyloid struc-
ture. This systematic study of fibril formation by full-length apoA-I
represents the first demonstration that methionine oxidation can
induce amyloid fibril formation.
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ApoA-I is the major structural protein component of HDL.
Much of the current interest in apoA-I stems from its central

role in protection against atherosclerosis, thought to be mediated
by promotion of reverse cholesterol transport, combined
with antiinflammatory and antithrombotic effects (1). Both
lipid-bound and lipid-free apoA-I play critical roles in reverse
cholesterol transport where lipid-free apoA-I, that accounts for
approximately 5% of circulating apoA-I (2), is considered the pri-
mary acceptor of cholesterol from peripheral tissues (3).

Specific mutant forms of apoA-I result in familial systemic
apoA-I amyloidosis that, generally, manifests as asymptomatic
cholestatic hepatopathy and nephropathy (4, 5). More com-
monly, apoA-I amyloid deposits are observed in the arterial in-
tima and atherosclerotic plaque tissue. These deposits arise from
wild-type apoA-I, reflecting the ability of the normal protein to
form amyloid fibrils in vivo (5, 6). It is not known why apoA-I is
deposited as amyloid specifically in atherosclerotic plaques (7);
however, these amyloid deposits are believed to be pathogenically
linked to atherosclerosis progression (5–10). The pathological
importance of amyloid deposits in atherosclerosis is highlighted
by the findings that fibrils composed of the β-amyloid peptide or
apolipoprotein C-II (apoC-II) activate macrophages, a key fea-
ture of vascular inflammation leading to lesion development
(10–12).

Fibrils isolated from patients with both hereditary and non-
hereditary apoA-I amyloidosis are, generally, composed of the

N-terminal 80–100 residues of the protein (5, 13), and a peptide
consisting of the first 93 residues of apoA-I has been shown to
aggregate in vitro to form fibrils at acidic pH (14). This has lead
to speculation that proteolytic cleavage of full-length apoA-I and
the release of this N-terminal fragment leads to amyloid fibril for-
mation and deposition. However, attempts to detect N-terminal
fragments of apoA-I in plasma have been unsuccessful, despite
its high concentrations in amyloid deposits (5). Furthermore,
the nature and anatomical site of the cleavage event is not known,
and no definitive study of the pathological mechanism of apoA-I
amyloid formation has been reported (13). Thus, it remains
possible that the cleavage event occurs after fibril formation. This
mechanism has previously been proposed for a range of heredi-
tary apoA-I amyloidoses (15–17) and is believed to occur in other
amyloid pathologies (13).

ApoA-I is subject to oxidative modification in vivo and signif-
icant levels of MetO-apoA-I exist in normal plasma (18). Analysis
of serum suggests that as much as 25% of circulating apoA-I con-
tains at least one of its three methionine residues oxidized to its
sulfoxide form (MetO) (19), and this level may be increased in
type one diabetic subjects (20). In vivo, the methionine residues
of apoA-I are oxidized via at least two specific mechanisms.
ApoA-I is a selective target of oxidation by myeloperoxidase
(21), a heme protein that produces a range of reactive oxidant
species capable of specifically oxidising methionine residues
(22). In addition, apoA-I plays an important role in the reduction
of potentially pro-atherogenic oxidized lipids. Lipid hydroperox-
ides, transferred to HDL from low density lipoprotein via choles-
terol ester transport protein are chemically reduced to their
corresponding alcohols in a process that results in consecutive
and specific oxidation of methionine residues in apoA-I to their
MetO forms (23). Increasing evidence indicates that oxidized
forms of apoA-I are dysfunctional and promote inflammatory
effects (24). In particular, oxidation of specific methionine resi-
dues of apoA-I reduces its ability to activate lecithin:cholesterol
acyltransferase, thereby, impairing reverse cholesterol trans-
port (22).

To date there have been no systematic studies of the ability of
full-length apoA-I to form amyloid fibrils in vitro. In the present
study we examined the effect of methionine oxidation on the
biophysical properties and aggregation of full-length apoA-I.
Our studies show that native apoA-I is stable under a wide range
of solution conditions. In contrast, oxidation of the methionine
residues of apoA-I resulted in reduced conformational stability
and oligomeric self-association, leading to misfolding of the pro-
tein and formation of fibrillar structures with all the characteristics
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of amyloid fibrils. These findings have important implications in
both familial apoA-I amyloidosis and atherosclerosis, and may
point to therapeutic strategies to reduce apoA-I amyloid
deposition.

Results
Native apoA-I Does Not Form Fibrils Under a Wide Range of Solution
Conditions. Native, full-length apoA-I was incubated under a
range of solution conditions known to effect or induce amyloid
fibril formation in other protein systems. The varied solution
parameters included: protein concentration, pH, temperature,
agitation, and inclusion of chaotropes. All conditions examined
are detailed in Table S1. Aggregation of apoA-I in these samples
was assessed by ThT fluorescence measurements, examination
for light scattering, and electron microscopy of aged samples.
In all cases, no fibril formation by native apoA-I was detected.
In light of this apparent inability to induce in vitro fibril formation
by native apoA-I we investigated the effect of methionine oxida-
tion on the stability and aggregation of the protein.

Preparation of MetO-apoA-I. Methionine oxidation of apoA-I by
incubation with hydrogen peroxide was optimised to produce
apoA-I with all three methionine residues converted to methio-
nine sulfoxide and this material was designated MetO-apoA-I.
HPLC and mass spectrometry analysis indicated that this
protocol routinely yielded pure MetO-apoA-I (>95%, Fig. S1).
Alternative oxidation products were below detectable limits by
tandem mass spectrometry.

MetO-apoA-I is Partially Unfolded and Has Lower Thermal Stability
Than Native apoA-I. Circular dichroism (CD) spectra acquired
for freshly prepared MetO-apoA-I, at both pH 7.4 and
pH 6.0, showed reduced mean residue ellipticity signal intensity
below 230 nm when compared with spectra obtained for native
apoA-I (Fig. 1A). This suggests that methionine oxidation caused
partial unfolding or destabilisation of the secondary structure of
apoA-I. Accordingly, the thermal stability of MetO-apoA-I was
investigated by monitoring CD ellipticity at 222 nm during ther-
mal denaturation between 4–90 °C (Fig. 1B). Thermal denatura-
tion curves indicated that MetO-apoA-I began to denature at
much lower temperatures than native apoA-I and that both sam-
ples were completely denatured above 90 °C. Fits of these data to
a two-state unfolding model yielded melting temperatures (Tm)
of 58.7� 0.2 °C for native apoA-I, consistent with previously
published data (25), and 48.2� 0.4 °C for MetO-apoA-I. The
reduction in Tm of MetO-apoA-I by around 10.5 °C, with respect
to that of native apoA-I, indicates that the structural stability of
the oxidized protein is significantly impaired. The broadening of
the unfolding transition of MetO-apoA-I, with respect to native
apoA-I, also indicates a less cooperative unfolding and may
indicate increased structural flexibility in the oxidized protein.
In both samples, thermal unfolding was completely reversible.

MetO-apoA-I is Unable to Form a Tetrameric Structure. The oligo-
meric structures of native apoA-I and MetO-apoA-I were
investigated by analytical ultracentrifugation. Sedimentation
velocity experiments were carried out for both proteins at 0.02–
1.6 mg∕ml and velocity data were analyzed by using the program
SEDFIT to produce continuous sedimentation coefficient
distributions. At low concentrations (<0.05 mg∕ml) both native
apoA-I and MetO-apoA-I gave sedimentation coefficient
distributions consisting of a single major peak at 2.0 S (Fig. 2)
indicating that both proteins were primarily monomeric at these
concentrations. Increasing concentrations of native apoA-I re-
sulted in the appearance of peaks at 4.5 S and 6.7 S, indicating
the formation of two higher order oligomers. These peaks were
ascribed to dimer and tetramer, respectively, consistent with early
work on the self-association of apoA-I (26). In contrast, increas-

ing concentrations of MetO-apoA-I resulted in the appearance of
only one further peak, around 4.5 S. This indicates that MetO-
apoA-I is unable to form the tetrameric species observed for na-
tive apoA-I. Examination of the distributions also reveals that the
4.5 S peak was proportionally smaller for MetO-apoA-I than for
native apoA-I at equivalent concentrations, suggesting that di-
merisation is weaker in the oxidized preparation.

MetO-apoA-I Aggregates to Form Thioflavin T Reactive and Congophi-
lic Material.On incubation for several days at 37 °C, MetO-apoA-I
formed a visible fine precipitate that was not observed on incuba-
tion of native apoA-I. The time course of aggregation of MetO-
apoA-I was followed using ThT fluorescence. Incubation of
MetO-apoA-I at 0.8 mg∕mL at 37 °C, in the presence of ThT,
resulted in a time-dependent increase in ThT fluorescence that
coincided with the appearance of turbidity in the solution
(Fig. 3A). This reflects the ability of the aggregates to bind
ThT, which is a defining feature of amyloid fibrils. Incubation
of MetO-apoA-I at 0.5 and 0.3 mg∕mL, resulted in development
of ThT fluorescence at a slower rate and over a longer time
period. A lag phase at early timepoints, where ThT fluorescence
increases little, was evident at all incubation concentrations but
was more obvious at the lower concentrations. The observed
decrease in lag time and accelerated rate of aggregation with in-
creasing protein concentration is consistent with the nucleated-
elongation mechanism of aggregation that is common to most
amyloid fibrils.

Mature aggregates of MetO-apoA-I were stained with Congo
Red and examined by light microscopy (Fig. 3B). Aggregates
appeared pink-red under bright field examination, indicating
that they were congophilic. Under cross-polarized light these

Fig. 1. Far UV circular dichrosim analysis of native apoA-I and MetO-apoA-I.
(A) Circular dichroism spectra acquired at 0.2 mg∕mL and pH 6.0 for apoA-I
(Solid Line) and MetO-apoA-I (Dashed Line). (B) Thermal denaturation of
apoA-I (Filled Circles) and MetO-apoA-I (Open Circles) monitored by circular
dichroism ellipticity at 222 nm. Data for each sample were fitted separately to
a two-state unfolding model (Solid Lines).
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aggregates displayed strong green birefringence that is character-
istic and diagnostic of amyloid upon Congo Red binding.

Aggregates of MetO-apoA-I Have a Fibrillar Morphology. MetO-
apoA-I aggregates were examined by transmission electron mi-
croscopy to determine whether these had fibrillar ultrastructural
morphology. Aggregates appeared fibrillar with a high degree of
fibril curling and a “ribbon” type appearance (Fig. 4). A length-
wise helical twist in the fibrils was apparent from the periodic
constrictions along the fibril length. However, the periodicity
of this twist was irregular, with distances between constrictions
ranging 25–60 nm. At their widest projection, the fibrils were ap-
proximately 11 nm wide and examples of fibrils of several microns
in length were common. The appearance of the fibrils suggests a
highly flexible structure, and is similar to that of amyloid fibrils
formed by another full-length apolipoprotein, apoC-II (27, 28).
In a number of cases, apparently, circular MetO-apoA-I fibrils
were observed, again, reminiscent of structures formed by
apoC-II (28). Extensive inspection of the EM grids revealed
no significant evidence of nonspecific protein aggregation, indi-
cating that MetO-apoA-I aggregates specifically to form fibril
structures.

MetO-apoA-I Fibrils Consist Solely of Full-Length Protein. ApoA-I
amyloid fibrils extracted from tissues, generally, consist of the
N-terminal 80–90 residues of the protein. The nature of the
proteins making up fibrils formed from MetO-apoA-I in vitro
was investigated by mass spectrometry and SDS-PAGE (Fig. S2).

Fibrils were prepared by repeated centrifugal pelleting and, final-
ly, resuspended in acetonitrile to dissociate the fibrillar material.
Mass spectrometry analysis of this sample revealed a pure protein
sample with a molecular mass corresponding to that expected for
full-length apoA-I containing three MetO residues. No fragmen-
tation of the protein comprising the fibrils was apparent by either
mass spectrometry or SDS-PAGE. This indicates that the
observed fibrils consist of full-length MetO-apoA-I that has
not been truncated.

X-ray Fibre Diffraction Reveals a Cross-β Amyloid Structure. Amyloid
fibrils are defined by a common core structure in which two or

Fig. 2. Sedimentation velocity analysis of (A) native apoA-I and (B) MetO-
apoA-I. Sedimentation data acquired at protein concentrations from
0.02 mg∕mL to 1.6 mg∕mL were analyzed by using a continuous sedimenta-
tion coefficient distribution, c(S), and distributions were normalized with re-
spect to integrated signal intensity.

Fig. 3. Thioflavin T and Congo Red binding by MetO-apoA-I aggregates. (A)
ThT fluorescence time course of MetO-apoA-I aggregation. MetO-apoA-I was
incubated at 0.8 mg∕mL (Filled Circles), 0.5 mg∕mL (Open Circles),
0.3 mg∕mL (Filled Triangles), and native apoA-I was incubated at
0.8 mg∕mL (Open Triangles) at 37 °C and pH 6.0 in the presence of 10 μM
ThT. (B) MetO-apoA-I aggregates stained with Congo Red appeared
pink-red under bright field examination (Left) and exhibited strong green
birefringence under cross-polarized light (Right). The width of each panel
is equivalent to 620 μm (20× magnification).

Fig. 4. Transmission electron microscope images of MetO-apoA-I fibrils in-
dicating the gross morphology of the fibrils. Small panels show magnified
views of the fibrils including an example of the, apparently, circular fibrils.
Constrictions in the fibril length due to the helical twisting of the fibril ribbon
are indicated with arrows.
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more β-sheets are formed from repeating β-strands oriented
perpendicular to the long axis of the fibril. The spacing of these
β-strands and β-sheets within the fibril produces a signature X-ray
fibre diffraction pattern (29). CD spectra acquired for freshly
prepared MetO-apoA-I and MetO-apoA-I fibrils (Fig. S3) indi-
cated a significant change in secondary structure on fibril forma-
tion, consistent with a shift toward β-structure. Magnetically
aligned samples of MetO-apoA-I fibrils were analyzed by
X-ray fibre diffraction by using the high flux, MX2 beamline
of the Australian Synchrotron. Diffraction images revealed a
classical amyloid cross-β diffraction pattern with orthogonal
meridional (Miller index 001) and equatorial reflections (Fig. 5).
The dominant meridional reflection, a sharp peak with a spacing
of 4.64 Å, is derived from the separation of hydrogen-bonded
β-strands that are arranged perpendicular to the fibril axis.
The more diffuse equatorial peak at 9.92 Å represents the mean
spacing between β-sheets in a direction perpendicular to the fibril
axis. Together, these reflections define the core cross-β structure
of MetO-apoA-I fibrils. A weaker, meridional reflection with a
spacing of 3.75 Å was also evident as a shoulder on the outer edge
of a diffuse scattering ring. This indicates further order within the
structure along the fibril axis and is consistent with diffraction
patterns from a range of other amyloid fibrils (29). Partial
smearing of diffraction peaks into rings indicates incomplete
alignment of fibrils, possibly due to their highly flexible nature.

Discussion
ApoA-I is associated with hereditary amyloidoses and amyloid
deposition in atherosclerotic tissue, where 54% of subjects have
been shown to have amyloid in the intima and atherosclerotic
plaques (9). Despite this, the propensity of full-length, wild-type
apoA-I to form amyloid fibrils has not, previously, been system-
atically investigated and the mechanism of amyloid formation in
vivo has not been elucidated.

We have demonstrated that oxidation of the methionine resi-
dues of apoA-I leads to aggregation of the protein into fibrils that
display all the major, defining hallmarks of amyloid, including:
regular fibrillar morphology, the ability to bind ThT and Congo
Red, and cross-β structure. Conversely, native apoA-I is relatively
stable and does not form fibrils under a range of solution condi-
tions. This link between protein oxidation and apoA-I amyloid
formation has several important implications for disease.

Substantial evidence indicates that oxidative processes and
inflammation contribute to the pathogenesis of atherosclerosis
(30, 31). Methionine oxidized apoA-I is a significant component
of normal serum, and is a product of both general and specific

oxidative processes that are increased in atherosclerosis. For this
reason, MetO-apoA-I has recently gained attention as a potential
marker of cardiovascular disease (32, 33). Levels of myleoperox-
idase and lipid hydroperoxides, both of which cause specific oxi-
dation of apoA-I methionines (21, 23), are greatly elevated within
atherosclerotic tissue (21, 30). Thus, the proportion of MetO-
apoA-I is likely to be raised at these sites, where total apoA-I
concentrations are already elevated. This is supported by the de-
monstration that the alternative oxidation products, nitrotyrosine
and chlorotyrosine, are dramatically enriched in apoA-I extracted
from the atherosclerotic tissue over that in circulation (21).
Furthermore, inflammatory processes within atheroma lead to
elevated levels of serum amyloid A that can competitively dis-
place apoA-I from HDL particles leading to increased local con-
centrations of lipid-free apoA-I (5, 8). Thus, the environment
within atherosclerotic tissue would appear to favor conditions
for methionine oxidation of apoA-I and fibril formation by the
oxidized product. Collectively, these factors may explain the
common and specific association of apoA-I amyloid deposits with
atherosclerotic plaque tissue.

Fibril formation may also represent a unique mechanism by
which MetO-apoA-I can specifically contribute to pathology in
atherosclerosis. Recent evidence has shown that amyloid fibrils
initiate CD36-dependent, macrophage-inflammatory responses,
including production of reactive oxygen species and secretion
of inflammatory mediators (11, 12). Thus, deposition of MetO-
apoA-I fibrils within atheroma can increase lesion inflammation,
leading to further oxidative damage and producing a cyclical
amplification of pathogenesis.

Methionine oxidation is a common modulator of fibril forma-
tion and has been shown to inhibit the aggregation of amyloid-β
(34), prion protein (35), transthyretin (36), α-synuclein (37), and
apoC-II (38). It has been proposed that methionine residues are
involved in specific hydrophobic interactions within the fibril core
structure and that these are disrupted by the more hydrophilic
MetO sidechain (38), leading to the observed inhibition of
fibrilisation. The induction of fibril formation by methinonine
oxidation observed here may be explained by a distinct mechan-
ism of action.

Fibril formation by full-length MetO-apoA-I appears to be in-
duced by the disruption of the native self-assembly of the protein
into dimers and tetramers (Fig. 2), coupled with impaired struc-
tural stability (Fig. 1). This mechanism is similar to that of other
amyloid-forming proteins that have native oligomeric structure.
Destabilisation of the oligmers of both transthyretin (39) and in-
sulin (40) is required for the initiation of fibril formation that then
proceeds via partially-folded intermediates. Thus, methionine
oxidation facilitates misfolding and aggregation of apoA-I but
the modified amino acids may not be directly involved in hydro-
phobic packing within the fibril core.

Further insight into the destabilisation of MetO-apoA-I can be
gained by inspection of the crystal structure of full-length, lipid-
free apoA-I (41). The three methionine residues of apoA-I,
Met86, Met112, and Met148 are all contained on the four-helix
bundle domain and are partially solvent accessible (Fig. 6).
Whereas the oligomeric structure of apoA-I cannot be inferred
from the crystal structure (41), we postulate that the four-helix
bundle makes inter-subunit contacts or, at least, participates in
subunit self-association in the native oligomer. Particular methio-
nine residues may participate in binding interactions between self
associating subunits, possibly forming specific hydrophobic con-
tacts. Oxidation of the methionine side chain significantly alters
its physico-chemical properties including reduction of its hydro-
phobic nature and gain of the ability to form hydrogen bonds.
Oxidation of methionine may, therefore, directly alter or signifi-
cantly disrupt intersubunit interactions resulting in reduced
self-association. Alternatively methionine oxidation may have a
less specific destabilising effect on the structure of the domain

Fig. 5. X-ray diffraction pattern from aligned, semi-hydrated MetO-apoA-I
fibrils. Meridional (001) reflections with spacings of 4.64 and 3.75 Å are
shown in the vertical axis and are indicated withWhite Arrows. An equatorial
reflection with spacing of 9.94 Å is indicated with an Outlined Arrow.
Diffraction images were acquired by using the MX2 beamline of the Austra-
lian Synchrotron operating at 12.658 keV (λ ¼ 0.979 Å).
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by weakening helix packing. This would result in a less compact
structure and inhibit native self-association by altering conforma-
tion and subunit complementarity. This mechanism is consistent
with the broadened melting transition exhibited byMetO-apoA-I,
that suggests a more conformationally-flexible structure. It is also
possible that the MetO side chain forms unique hydrogen bonds
that constrain a subtly altered structure, as has been observed in
fibril-forming peptides (42).

Specific conformational perturbations within the monomer
caused by the MetO side chain are likely to contribute to both
the reduction in stability of the protein and to the exposure of
regions critical to its aggregation and structural rearrangement
into amyloid fibrils. Further work will be required to determine
the specific contribution of each methionine residue to destabi-
lisation, misfolding, and fibril formation by MetO-apoA-I.

To the authors’ knowledge, only one prior report of fibril
formation by full-length apoA-I has been made (43), and this
contained no characterisation of the fibrils beyond microscopic
examination. The findings presented here, including our inability
to replicate fibril formation with native apoA-I (Table S1),
suggest that the material used in the previous study contained
a significant proportion of methionine oxidized protein.

ApoA-I amyloid fibrils extracted from tissues consist, largely,
of the N-terminal part of the protein (5, 13). The findings of this
study establish that formation of fibrils from full-length apoA-I,
followed by proteolysis, is a potential means for generation of the
fragmented product, as has been proposed previously (15–17).
This mechanism is also supported by the identification of
individual fibril deposits comprising heterogeneous apoA-I
polypeptides (15–17) that, in some cases, include a significant
component of full-length apoA-I (44), and by the wide range of
apoA-I fragment size observed between deposits (5, 13). Amyloid
fibril formation by intact protein, followed by limited proteolysis,
is thought to occur in transthyretin (45, 46) and certain light-
chain amyloidoses (13), and accounts for the identification of
both full-length protein and heterogeneous polypeptide frag-
ments within the amyloid deposits.

Hereditary mutations in the apoA-I sequence that cause amy-
loidosis, generally, reduce the predicted α-helical propensity of
the protein (5). This structural destabilisation has been proposed
to result in increased proteolytic degradation or exposure of
amyloidogenic regions of the protein leading to fibril formation
via a mechanism similar to that observed here (15–17). In the
latter case, it is likely that methionine oxidation would augment
the destabilising effect of the mutation, further increasing amy-
loid formation. It is also important to note that any mutation
causing unfolding or destabilisation of the native structure of
apoA-I can also increase susceptibility of the methionines to oxi-

dation by increasing their solvent accessibility. N-terminal frag-
ments comprising apoA-I amyloid fibrils from patients with
various hereditary apoA-I amyloidoses have been shown to con-
tain MetO at position 86 (15–17). In these studies, methionine
oxidized polypeptides were identified by mass spectrometry as
the major constituent, and in one case the sole component
(15), of the fibril sample. This lends further support to the invol-
vement of methionine oxidation in apoA-I amyloid formation in
disease. It is not known whether the presence of a MetO residue
at position 86 alters the amyloidogenic potential of the isolated
N-terminal fragment in vitro.

The ultrastructural morphology of amyloid fibrils formed from
MetO-apoA-I is similar to those formed by apoC-II (28) but
differs from the more classical fibril morphology observed for
ex vivo apoA-I fibrils (44, 47). Ultrastructural remodelling of
fibrils may occur in vivo during proteolysis of the fibril subunits,
or due to the presence of lipid or accessory proteins such as serum
amyloid P that may explain the difference in gross appearance.

X-ray fibre diffraction studies of fibrils from patients with the
apoA-I Leu60Arg mutation (29) show major cross-β spacings very
similar to those observed here for MetO-apoA-I fibrils. This
indicates that the core structural elements within the two fibril
types are similar. Diffraction patterns from ex vivo fibrils result-
ing from the apoA-I Leu174Ser mutation showed two closely
spaced, major equatorial reflections in addition to evidence of
coiled-coil structure (44); however, these features were not
apparent in the diffraction patterns from MetO-apoA-I fibrils.

A diverse range of protein modifications, including other
oxidation products and advanced glycation end products, have
the potential to destabilise the native conformation of apoA-I,
possibly leading to aggregation similar to that observed here.
In addition, methionine oxidation may have a similar destabilis-
ing effect on other amyloid forming apolipoproteins that have
native structure, such as apolipoprotein A-II. This is highlighted
by the demonstration that methionine oxidation of apolipopro-
tein A-II reduces the α-helical nature of the protein (48).

Based on the observations of this study, methionine oxidation
may play a crucial role in deposition of apoA-I amyloid in both
inherited apoA-I amyloidoses and atherosclerosis. Thus, control
or reversal of methionine oxidation in apoA-I may represent a
means to decrease amyloid deposition. It is likely that levels of
methionine oxidized apoA-I, particularly those in the arterial
intima and atheroma, are an important consideration in athero-
sclerosis, and that controlling these levels can reduce this facet of
cardiovascular disease pathology.

Materials and Methods
Full details in SI Text.

Materials. Lipid-free apoA-I purified from human plasma was a kind gift from
Joseph Bertolini (CSL Bioplasma, Vic, Australia). MetO-apoA-I was prepared
by incubation of lipid free apoA-I with 0.3% hydrogen peroxide according to
previously described methods (19, 48).

Circular Dichroism Spectroscopy. Far UV CD spectra were recorded at a protein
concentration of 0.2 mg∕ml by using a Jasco J-815 CD spectrometer (Tokyo)
equipped with a Peltier temperature control module. The thermal denatura-
tion of native apoA-I and and MetO-apoA-I was studied at a protein concen-
tration of 0.2 mg∕ml by monitoring CD signal at 222 nm.

Analytical Ultracentrifugation. Analytical ultracentrifugation experiments
were performed in a Beckman XL-I analytical ultracentrifuge equipped with
UV/Vis scanning optics. ApoA-I and MetO-apoA-I (0.02–1.6 mg∕ml) were cen-
trifuged at 40,000 rpm and 20 °C. Sedimentation velocity profiles were ana-
lyzed with the program SEDFIT by using the c(s) model (49).

Thioflavin T fluorescence Measurements. ApoA-I and MetO-apoA-I were incu-
bated at pH 6.0 and 37 °C in the presence of 10 μM ThT. Fluorescence was
measured in duplicate by using a fmax fluorescence plate reader (Molecular
Devices, CA).

Fig. 6. The crystal structure of lipid-free apoA-I (41, PDB code 2A01) showing
the positions of methionine residues (Yellow) in the four-helix bundle.
(B) depicts the structure shown in (A) rotated 90° to the right about an axis
parallel to the page, as indicated.
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Congo Red Staining. Congo Red stained MetO-apoA-I fibrils were placed on
poly-lysine coated slides and examined on an Olympus BX51 light microscope
at 20 times magnification.

Transmission Electron Microscopy. Negatively stained MetO-apoA-I
fibrils were inspected by using a Tecnai TF30 transmission electron
microscope (FEI, The Netherlands) operating at 200 kV. Images were
acquired digitally by using a Gatan US1000 2k×2k CCD Camera (Pleasanton,
CA).

X-ray Fibre Diffraction Studies. MetO-apoA-I fibrils grown at 0.8 mg∕ml were
concentrated to approximately 15 mg∕ml and aligned in the magnetic field

of an unshielded 600 MHz NMR spectrometer (Fig. S4). X-ray diffraction
images were acquired at the Australian Synchrotron MX2 micro-focus
beamline
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