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ABSTRACT: â2-microglobulin (â2m) forms amyloid fibrils that deposit in the musculo-skeletal system in
patients undergoing long-term hemodialysis. Howâ2m self-assembles in vivo is not understood, since
the monomeric wild-type protein is incapable of forming fibrils in isolation in vitro at neutral pH, while
elongation of fibril-seeds made from recombinant protein has only been achieved at low pH or at neutral
pH in the presence of detergents or cosolvents. Here we describe a systematic study of the effect of 11
physiologically relevant factors onâ2m fibrillogenesis at pH 7.0 without denaturants. By comparing the
results obtained for the wild-type protein with those of two variants (∆N6 and V37A), the role of protein
stability in fibrillogenesis is explored. We show that∆N6 forms low yields of amyloid-like fibrils at pH
7.0 in the absence of seeds, suggesting that this species could initiate fibrillogenesis in vivo. By contrast,
high yields of amyloid-like fibrils are observed for all proteins when assembly is seeded with fibril-seeds
formed from recombinant protein at pH 2.5 stabilized by the addition of heparin, serum amyloid P
component (SAP), apolipoprotein E (apoE), uremic serum, or synovial fluid. The results suggest that the
conditions within the synovium facilitate fibrillogenesis ofâ2m and show that different physiological
factors may act synergistically to promote fibril formation. By comparing the behavior of wild-typeâ2m
with that of∆N6 and V37A, we show that the physiologically relevant factors enhance fibrillogenesis by
stabilizing fibril-seeds, thereby allowing fibril extension by rare assembly competent species formed by
local unfolding of native monomers.

â2-microglobulin (â2m1) is the noncovalently bound,
nonpolymorphic light chain of the class I major histocom-
patibility complex (MHC-I) and is one of over 20 proteins
currently known to be involved in human amyloid disease
(1). In healthy subjectsâ2m (Mr 11,860) dissociates from
the heavy chain of the MHC-I complex and is transported
in the plasma to the kidneys where the majority (∼95%) of
the protein is degraded (2). However, in the event of renal
failure the plasma clearance ofâ2m is disrupted, causing an
increase in the circulating concentration of the protein by
up to 60-fold which leads to the formation of amyloid fibrils
that deposit predominantly in the joints and connective tissues
of the musculo-articular system (2, 3). Clinical symptoms

are rare until 5 years after the onset of hemodialysis, but the
incidence ofâ2m amyloid disease increases to nearly 100%
prevalence after 15 years of dialysis (4, 5).

Despite being first identified as the aggregating protein
in dialysis-related amyloidosis (DRA) 20 years ago (6, 7),
the mechanism by whichâ2m self-associates to form amyloid
fibrils in vivo is poorly understood (8). At acidic pH (epH
2.5) wild-typeâ2m readily forms amyloid-like fibrils in vitro
(9-11). Fibrillogenesis under these conditions proceeds with
nucleation-dependent kinetics (9, 12) that can be accelerated
by the addition of fibril-seeds formed from recombinantâ2m
fibrils (12) or with isolated ex vivoâ2m fibrils (9). By
contrast, at neutral pH, amyloid fibrils do not form in the
absence of seeds, unless the protein is incubated in the
presence of copper ions and urea (13), or the sequence of
â-strands A or G, but not elsewhere in the molecule, is altered
(10, 14). Amyloid-like fibrils have also been formed from
wild-type â2m at neutral pH following addition of trifluo-
roethanol (TFE) in the presence of fibril-seeds formed from
recombinant protein at pH 2.5 in the presence of glycosami-
noglycans (GAGs) or proteoglycans (PGs), while no fibrils
were formed in the absence of TFE (15). Stabilization of
â2m fibril seeds and partial unfolding of the monomer by
sodium dodecyl sulfate (SDS) also allows fibril formation
to proceed at neutral pH (16). However, production of
amyloid-like fibrils in the absence of detergents, organic
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solvents or high urea concentrations (i.e. under conditions
that are entirely physiological) has not been achieved to date,
raising important questions about the identity of factors that
facilitate amyloid formation in vivo. Such factors may
involve one or more components in the plasma, synovial
fluid, and/or synovial joint environment. The identity of such
factors, their mechanism of action, and whether they act
independently or synergistically remain unresolved.

Here we describe a systematic study of the influence of
11 different, physiologically relevant factors, in isolation and
in combination, upon fibrillogenesis ofâ2m at neutral pH
under entirely native conditions in vitro. These include
components commonly found in amyloid deposits ofâ2m
and other proteins in vivo that are known to affect fibrillo-
genesis in vitro (GAGs, PGs, apolipoprotein E (apoE), both
in the presence and absence of physiological lipids, and
serum amyloid P (SAP) component) (17, 18). Components
of the joint environment (type II collagen, synovial fluid),
and whole uremic serum from a patient with DRA undergo-
ing dialysis for end-stage renal failure were also tested. In
addition, we compare the behavior of the wild-type protein
with a variant lacking the N-terminal 6-amino acids (∆N6),
a species known to constitute up to 30% ofâ2m present in
amyloid deposits in vivo (19, 20), as well as the variant
V37A, a protein that is highly destabilized yet does not form
amyloid-like fibrils spontaneously at neutral also pH (10).
By standardizing the assay for fibril formation and comparing
the behavior of wild-typeâ2m with these variants in the
presence or absence of different additives, we identify factors
that could facilitate formation ofâ2m fibrils in and around
the sites of amyloid deposition and propose a mechanism
by which these factors act.

MATERIALS AND METHODS

Proteins. ∆N6 was produced by PCR using a 5′ primer to
encode an N-terminal methionine residue and to delete the
N-terminal 6 residues of the protein and a 3′ primer
complementary to the gene sequence of the C-terminal 3
residues of the protein and the multiple cloning site. The
PCR product was then cloned into plasmid pET23a using
Hind III and NdeI. Wild-type â2m and the variant proteins
∆N6 and V37A were expressed and purified to homogeneity
(>99% pure by SDS-PAGE) and their correct molecular
masses confirmed by electrospray ionization mass spectrom-
etry, as previously described (10). A yield of 10-30 mg of
pure protein/L of culture was obtained. All proteins were
stored at-20 °C as a lyophilized powder. Protein concentra-
tions were calculated from theA280 of the denatured state
using extinction coefficients determined by the method of
Gill and von Hippel (21).

De NoVo Fibril Formation (Unseeded Reactions). Wild-
type and variantâ2m were dissolved in deionized water,
filtered (0.2µm cellulose acetate filter, Sartorius) to remove
aggregates, and diluted to a final concentration of 1 mg/mL
in 25 mM sodium phosphate, 25 mM sodium acetate
containing 0.02% (w/w) sodium azide (buffer A) at pH 2.5
or 7.0. The samples were then incubated at 37°C with
agitation at 200 rpm for up to 42 days. The resulting
suspensions were analyzed by negative stain transmission
electron microscopy (EM), thioflavin T (ThT) fluorescence,
Congo red binding, and dot-immunoblot assays (see below).

The presence of typical amyloid fibrils was confirmed by
red-green dichroism after staining with Congo red, and
binding to125I-labeled SAP (125I-SAP; see below).

Formation of Seeds.Fibrils formed by incubatingâ2m (1
mg/mL) at 37 °C for 7 days in buffer A (pH 2.5) with
agitation (200 rpm), were fragmented by three sequential
5-min cycles of freezing on dry ice and thawing in a water
bath at 21°C, before storage in aliquots at-20 °C for use
as unstabilized seeds. This procedure fragments long, straight
fibrils (see below) (11). Alternatively, the following reagents
(obtained from Sigma-Aldrich Co. Ltd., Dorset, UK, unless
otherwise stated) were added to the fibrils in buffer A (pH
7.0) prior to their fragmentation by freeze/thaw cycles and
were used subsequently as stabilized seeds. For fibrils
stabilized with GAGs and PGs, 60µg of low molecular
weight heparin (porcine, average mass 5 kDa), heparan
sulfate (porcine, average mass 48 kDa), decorin (bovine,
average mass 100 kDa), or aggrecan (bovine, average mass
250 kDa) was added per mg of fibrils (quantified as described
below) in 1 mL of buffer A, pH 7.0. Alternatively, 2µL of
synovial fluid (porcine; kindly supplied by Eileen Ingham),
100 µL of uremic serum (kindly supplied by Fiona Karet),
100 µL of pooled normal human serum, 100µg of type II
collagen (chicken), 14µg of pure human apoE3 or 14µg of
a mixture of different apoE isoforms isolated, in lipidated
form, from human serum (kindly supplied by John Fryer and
David Holtzman) (lipidated apoE) were added. The samples
were incubated at 4°C for 10 min without agitation to permit
additive binding, and seeds were produced by freeze-
thawing as described above. In separate experiments, the
fibril seeds were incubated with increasing concentrations
of heparin (0-60 µg/mg of fibrils). Negative stain EM
showed that no long fibrils persisted after fragmentation in
all cases (see Figure 1D (inset)). The amount of insoluble
material in the fibril seeds was quantified as described below,
and the results were used to ensure that an equal quantity of
seed was added in each experiment. For experiments
involving addition of SAP, fibrils were sedimented by three
sequential cycles of repeated centrifugation (13,000 rpm for
10 min) and equilibration in 10 mM Tris, 140 mM NaCl,
and 0.1% (w/v) sodium azide, pH 8.0 (TN buffer). SAP in
TN buffer (47 or 94µg of human SAP, isolated to>99%
purity; kindly supplied by M. B. Pepys) was then added per
mg of fibrils, followed by CaCl2 to 2 mM final (or EDTA
to 10 mM) (22), and the seeds produced by freeze-thawing
before quantification and storage as described above. Control
experiments included analysis of the effect of sulfate ions
(Na2SO4) or poly(ethylene glycol) (PEG) (Mr ≈ 5000, 12 or
120 µM) on fibril assembly at pH 7.0 so that the specific
effect of the additive over the physical or chemical properties
of the additive could be discerned. A seed (5µL) comprising
a suspension of synovial tissue rich inâ2m amyloid deposits
(obtained at autopsy, with informed consent, from a patient
with DRA; kindly supplied by M. B. Pepys), in 10 mM Tris,
138 mM NaCl, 2 mM CaCl2, 0.1% (w/v) of sodium azide,
pH 8.0 (TC buffer) was also used (without freeze-thawing).
Finally, seeds were prepared as described above in the
presence of SAP but, in addition, were incubated simulta-
neously with heparin (60µg/mg of fibril seeds), lipidated
apoE (14µg/mg of fibril seed) (mix A), and where noted,
type II collagen (100µg/mg of fibril seeds) (mix A+
collagen).
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Seed Elongation.For samples incubated in the absence
of fibril seeds, monomericâ2m (wild-type or variants) was
diluted in buffer A pH 7.0 to give a final protein concentra-
tion of 0.5 mg/mL. The solutions (1 mL) were then incubated
for 0-42 days at 37°C with agitation (200 rpm). Three
separate samples for each experiment were set up, each
analyzed in triplicate. First,â2m was incubated in the absence
of seeds, but in the presence of different additives, to ensure
that the additives had no effect on fibril growth of the
monomer alone. In all samples the w/w ratio of additive to
â2m was the same as that in the presence of seeds (assuming
that the additive dissociates completely from the seeds during
growth). Second, seeds (50µg) were incubated in buffer
alone in the presence or absence of additive, so that newly
elongated fibrils could be discerned from the starting
material. Finally,â2m (500 µg wild-type or variants) was
incubated with seeds (50µg) in a total volume of 1 mL in
buffer A, pH 7.0, or for experiments using SAP, TN buffer,
pH 8, with subsequently added CaCl2 (2 mM final) or EDTA
(10 mM final). Each sample was incubated at 37°C with
agitation (200 rpm) in a 1.5-mL microcentrifuge tube
(Eppendorf) for up to 42 days. At different time points, 10-

µL aliquots were withdrawn to monitor fibril growth by ThT
fluorescence. Analysis of samples at the end of the experi-
ment by SDS-PAGE demonstrated that no visible degradation
of â2m occurred during the experiment. Only wild-type
protein seeds were used in the data presented here. Control
experiments demonstrated that similar results were obtained
in the presence of self-seeds (data not shown).

ThioflaVin-T Fluorescence.A discontinuous assay was
used to monitor fibril formation by ThT fluorescence, as
previously described (10). The fluorescence intensity of each
sample was normalized to that of buffer containing ThT
alone, and the mean( standard deviation (SD) values of
the nine measurements (three replicate samples, each mea-
sured in triplicate) for each condition were plotted. The
experiment was repeated twice, and the data were highly
reproducible (within(15%).

Fibril Quantification. Samples (100µL) of each fibril
suspension were centrifuged at 13,000 rpm for 5 min at room
temperature. The supernatants containing soluble protein
were retained, and the pellets were resuspended in 100µL
of buffer A pH 7.0. To each sample, 6 M guanidinium
chloride (GdnCl), pH 7.0, was added (900µL), and the
mixtures were incubated at room temperature with agitation
for 2 h to denature and resolubilize all material. The
percentages of protein in the supernatant and fibril pellet were
calculated by comparison of theA280’s of the pellet and
supernatant with that of a control solution (1 mg/mL) of
monomeric wild-typeâ2m. The data shown are the mean(
SD of triplicate measurements.

Fibril Depolymerization Assays.â2m fibril-seeds (2µM)
formed at pH 2.5 were added to buffer A, pH 7.0, at 37°C
in the presence or absence of heparin (0-100µM), and the
depolymerization of fibrils, under conditions of vigorous
agitation, was monitored in real time using the fluorescence
of ThT (see above). Depolymerization transients were fitted
to single-exponential transitions. ThT fluorescence of these
samples after 24 h incubation at 37°C was measured. All
experiments were done in triplicate, and the mean( SD
values are plotted.

Thermodynamic Stability.Samples of wild-type or variant
â2m (4 µM protein), in the presence or absence of heparin
(0.29 µg/mL) in 25 mM sodium phosphate buffer, pH 7.0,
were incubated for 24 h at 37°C in the presence of different
concentrations of urea (0-10 M). Unfolding was monitored
by tryptophan fluorescence using a Quantamaster C-61
spectrofluorimeter (Photon Technologies Inc., Texas, U.S.A.)
with excitation and emission wavelengths set to 280 and 325
nm, respectively. Data were fitted to an equation describing
a two-state transition (23) using Sigma-Plot (Jandel Scientific,
UK).

Other Analytical Procedures.Circular dichroism, negative
stain EM, Congo red binding assays, Congo red birefrin-
gence, and fluid-phase125I-SAP binding assays were per-
formed as described (10, 24, 25). Binding by 125I-SAP to
fibrils formed at pH 2.5 and 7.0 from wild-typeâ2m (in the
presence and absence of heparin), was compared with known
amyloid fibrils extracted ex vivo from humanâ2m (Aâ2m)
amyloidotic tissue and prepared in vitro from Aâ 1-42
peptide (F. Hoffmann-La Roche, Basel, Switzerland). Control
incubations were performed in the presence of 10 mM
EDTA, and background counts obtained in the absence of
fibrils were subtracted from all results. Two separate

FIGURE 1: Negative stain EM images of samples of wild-typeâ2m
and the variants∆N6 and V37A incubated at pH 7.0 in the absence
of seed (A-C) or in the presence of heparin-stabilized seeds (D-
F). Images were taken after 6 weeks incubation at 37°C with
agitation (200 rpm). Inset in D: Negative stain image of the initial
fibril seeds. Scale bar represents 100 nm. (G) Ribbon diagram of
monomericâ2m (1JNJ) (66). The disulfide bridge linking strands
B and F, the position of Val 37 (ball-and-stick) as well as the region
corresponding to the∆N6 deletion (black) are shown. Figure was
drawn using PyMol (67).
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experiments gave consistent results. Dot-immunoblots were
carried out as described previously (11, 26).

RESULTS

Specific Destabilization of the N-Terminal Region Pro-
motes Fibril Formation fromâ2m at Neutral pH in the
Absence of Seeds. In an initial experiment, the ability of wild-
typeâ2m and the variants∆N6 and V37A to form fibrils in
vitro at neutral pH in the absence of seeds was monitored
using ThT fluorescence and negative stain EM (Figure 1A-
C). Previous studies have shown thatâ2m variants containing
sequence substitutions in the N- or C-terminal regions (I7A,
V9A, or V93A) can form fibrils spontaneously in vitro at
pH 7.0, albeit with low yield (<10%) (14), suggesting that
destabilization of one or both of the terminal strands increases
the amyloidogenicity of the protein (14, 27). Consistent with
these results,∆N6 is able to form fibrils spontaneously at
pH 7.0 in the absence of fibrillar seeds (Figure 1B). The
fibrils formed did not give rise to a significant increase in
ThT fluorescence, presumably because the yield of fibrils
was too low (Figure 3A and Table 1), and had a distinctive
morphology that lacks obvious periodicity (Figure 1B),
suggesting that they differ from fibrils formed at acidic pH
(10, 12, 14). Interestingly, the fibrils resemble those formed
at pH 7.0 by theâ2m variants I7A, V9A, and V93A (14),
suggesting that this fibril type may be characteristic of
unseeded self-assembly at neutral pH. The low yield of
fibrillar material was not increased by seeding assembly with
self-seeds formed at pH 2.5 or with larger amounts of seed
formed from wild-typeâ2m at pH 2.5 (up to a 1:1 molar
ratio free monomeric protein:monomer in seeds) (data not
shown). Wild-typeâ2m and V37A were also unable to form
fibrils de novo in vitro under the conditions tested (Figure
1A, C), despite the fact that V37A is significantly destabi-
lized compared with the wild-type protein (Table 1).
Consistent with previous results (10), these data demonstrate
that specific destabilization of the N-terminal region ofâ2m
promotes de novo fibril formation in vitro, while global
stability appears to play little role in determining the
amyloidogenicity of this protein at neutral pH.

GAGs and PGs Increase Fibril Formation at Neutral pH.
GAGs and PGs are associated with amyloid deposits in vivo
and, importantly, are present in high concentrations in the
joints, known to be sites ofâ2m deposition in DRA (28, 29).
Therefore, we next analyzed whether fibril yield could be
increased at neutral pH by incubation with seeds formed from
wild-type â2m at pH 2.5 that were stabilized against
depolymerization at pH 7.0 by these physiologically relevant
additives. Building on procedures developed by Naiki and
colleagues which involve fibril elongation in the presence

of TFE or SDS (15, 30), we developed a fibril elongation
assay at neutral pH which can be performed without addition
of denaturants. Here, fibril seeds formed from wild-typeâ2m
at pH 2.5 were stabilized at pH 7.0 by the addition of heparin,
heparan sulfate, decorin, or aggrecan (see Materials and
Methods), and elongation with monomeric wild-typeâ2m,
∆N6, or V37A at pH 7.0 was analyzed. In parallel, these
components were added to each monomericâ2m variant in
the absence of seeds (to test the ability of these additives to
facilitate nucleation), as well as to seeds formed from the
wild-type protein in the absence of monomer (so that fibrils
elongated with monomer could be differentiated from the
fibril seeds) (Figure 2). The w/w ratio of added PG or GAG
in each experiment was maintained, irrespective of their
carbohydrate content or molecular weight. After incubation
with agitation at 37°C, the formation of fibrils was monitored
as a function of time over a 6-week period using ThT
fluorescence. The resulting time course of fibrillogenesis for
wild-type â2m is shown in Figure 2. The addition of these
additives to monomericâ2m in the absence of seeds did not
result in an enhanced ThT signal, and no fibrils were detected
in these samples by negative stain EM even after incubation
for 6 weeks at this pH (data not shown). Similar results were
obtained for the variants∆N6 and V37A (Figure 3A and
data not shown), demonstrating that even when destabilized
substantially, as in the case of V37A (Table 1), monomeric
â2m is not able to form fibrils spontaneously in unseeded

Table 1: Properties of Wild-Typeâ2m and the Variants∆N6 and V37A

equilibrium denaturation
midpoint (M urea)b

apparent equilibrium
∆G°UN (kJ/mol)b

variant
insoluble material
(unseeded) (%)a

insoluble material
(seeded with heparin-
stabilized seeds) (%)a

protein
only

plus
heparin

protein
only

plus
heparin

wild-type 3.0 (( 1.0) 40 (( 6.0) 4.8 4.7 17.3 (( 0.4) 16.8 (( 1.2)
∆N6 5.0 (( 2.0) 50 (( 2.5) 4.0 3.8 14.1 (( 1.1) 12.2 (( 1.1)
V37A 8.0 (( 3.0) 29 (( 4.0) 1.8 2.0 4.5 (( 1.2) 5.7 (( 0.9)
a % insoluble material after 42 days incubation at pH 7 (see Materials and Methods).b Determined by urea denaturation at pH 7.0, 37°C (see

Materials and Methods).

FIGURE 2: Discontinuous time course of fibril formation, monitored
by ThT fluorescence, from wild-typeâ2m under different conditions.
Seeds only (closed symbols), seeds plus monomericâ2m (open
symbols). Unstabilized seed (circle), heparin-stabilized seed (upward
triangle), heparin-sulfate stabilized seed (diamond), decorin-
stabilized seed (downward triangle) and aggrecan-stabilized
seed (square). Triplicate measurements were taken of three repli-
cate samples, and the error bars are standard deviations of the
mean.
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reactions at neutral pH in the absence or presence of these
additives. Most dramatically, however, a>25-fold increase
in ThT fluorescence resulted when wild-typeâ2m was
incubated in the presence of heparin-stabilized seeds (Figures
2 and 3A), while incubation of V37A and∆N6 resulted in
increases in ThT signals of>40-fold under these conditions
(Figure 3A). A less dramatic effect was observed with
decorin-stabilized seeds, while heparan sulfate and aggrecan-
stabilized seeds were relatively ineffective in initiating
fibrillogenesis of wild-typeâ2m (Figure 2). Similar results
were obtained for V37A and∆N6 with these additives (data
not shown). Increasing concentrations of heparin result in
an increase in fibrillar material obtained (Figure 3B).
Measurements analyzing seed stability at pH 7.0 in the
presence of different concentrations of heparin confirmed

that this GAG protects fibrils formed from wild-typeâ2m
in acid against depolymerization at pH 7.0 in a dose-
dependent manner (Figure 4A, B). The results identify
conditions under which amyloid-like fibrils fromâ2m can
be formed in vitro under entirely native conditions and
demonstrate that heparin, a reagent commonly administered
during hemodialysis (31), enhances the amyloidogenicity of
â2m significantly.

Fibrils Formed from Wild-Typeâ2m, V37A, and∆N6 at
pH 7.0 Are Amyloid-Like. Fibrils formed at pH 7.0 from wild-
type and variantâ2m in the presence of heparin-stabilized
seeds show a classical amyloid-like fibril morphology when
imaged by EM (Figure 1D-F). Fibrils formed at pH 7.0
by wild-typeâ2m and∆N6 show long, straight fibrils (Figure
1D, E), while fibrils of V37A appear shorter and more
flexible (Figure 1F). Fibrils formed from all variants bind
Congo red, displaying changes in the absorbance spec-
trum of the dye characteristic of binding to amyloid fibrils
(32) (Figure 5A). Samples also exhibited a predominance
of apple-green birefringence, pathognomic of amyloid, after
staining with Congo red, when visualized by cross-polar-
ized light microscopy (Figure 5B). They were also recog-
nized by the monoclonal antibody WO1 that binds to
an epitope displayed generically on all amyloid fibrils
(33) (Figure 5C), but not by an anti-oligomer antibody (26)
that recognizes a generic epitope present on prefibrillar

FIGURE 3: Fibril formation monitored by ThT fluorescence. (A)
Fibril formation from wild-typeâ2m and the variants∆N6 and
V37A in the presence or absence of heparin-stabilized seeds. In
this experiment, 60µg of heparin/mg fibril-seeds were used. (B)
Dependence of fibril formation of wild-typeâ2m seeds with
different concentrations of heparin stabilized seeds. The amount
of heparin used to stabilize 1 mg of fibrils is shown. In both (A)
and (B) 50µg of seeds were used to initiate fibrillogenesis of 500
µg of â2m in a final volume of 1 mL of buffer A pH 7.0. All
samples were incubated for 6 weeks at 37°C with agitation (200
rpm). Triplicate ThT measurements were taken, and the error bars
depict the standard deviation of the mean.

FIGURE 4: Depolymerization of fibrils formed fromâ2m at pH 2.5
monitored by ThT fluorescence. (A) Effect of different concen-
trations of heparin added to the buffer on the rate of fibril
depolymerization. (B) Comparison of the measured rates of
depolymerization (filled circles) and the final amplitude 48 h after
initiating depolymerization (open circles) for different concentra-
tions of added heparin. Each point represents the average and
standard deviation for the first-order rate constant over three
replicate experiments.

Physiological Factors inâ2m Amyloid Fibril Formation in Vitro Biochemistry, Vol. 45, No. 7, 20062315



species (Figure 5C). Finally, fibrils formed by the wild-type
protein at pH 7.0 (and at pH 2.5) display calcium-dependent
binding by SAP (Supporting Information; Table 1). Together,
these results demonstrate that the fibrils formed by the
elongation of heparin-stabilized seeds with monomericâ2m

under physiologically relevant conditions at pH 7.0 are
amyloid-like.

Heparin Does Not Affect the Stability of Monomeric Wild-
Typeâ2m, ∆N6, or V37A. In addition to increasing fibril
stability, heparin may also enhance the ability of wild-type
â2m and the variants∆N6 and V37A to form amyloid-like
fibrils at pH 7.0 by altering the conformational properties
of these proteins. To assess whether this was the case, heparin
was added to wild-typeâ2m and the variants∆N6 and V37A
before examination at pH 7.0 by far- and near-UV CD. In
all experiments a final heparin concentration equivalent to
that used in the elongation assays (see Materials and
Methods) was used. The results revealed that the presence
of heparin at this concentration had no effect on the
secondary structure of the proteins analyzed (data not shown).
All three proteins showed small differences in their CD
spectra in the near-UV compared with their heparin-free
counterparts, possibly as a consequence of local structural
changes by the known ability of heparin to bind to the region
encompassing the N-terminal 24 residues of the protein (34)
(data not shown).

The effect of heparin on the stability of wild-typeâ2m
and the two variants was also analyzed by urea denaturation
(Figure 6). The results confirmed that V37A is destabilized
significantly relative to wild-typeâ2m, while ∆N6 shows
only minor destabilization (midpoints for denaturation 4.8
M (wild-type), 4.0 M (∆N6), and 1.8 M urea (V37A),
respectively; Figure 6 and Table 1). The addition of heparin
had little effect on the stability of all three proteins (Figure
6, open circles) (Table 1). Addition of heparin to V37A
increased the stability of the protein slightly (Figure 6, open
triangles), while a small destabilization of wild-typeâ2m and
∆N6 was observed. While the molecular origins of these
effects remain to be resolved, the effect of heparin on protein
stability was small (relative to the effect of the substitution
of Val37 for Ala in V37A, for example), demonstrating that
even if the heparin dissociates from the seeds during fibril
elongation, the released GAG would have little effect on
structure or stability of the monomeric proteins. The devel-
opment of a denaturant-free fibril formation assay at neutral
pH allows determination of whether the additive affects the
stability of the fibril, monomer, or both, and demonstrates

FIGURE 5: Fibrils formed from wild-typeâ2m by extension of
heparin-stabilized seeds at pH 7.0 are amyloid-like. (A) Absorbance
spectrum of Congo red bound toâ2m fibrils (solid line) and free in
solution (dotted line) as well as the difference spectrum (inset).
(B) (Left) Congophilic uptake in bright light and (Right) typical
green birefringence of Congo red in cross-polarized light of fibrils
formed from wild-typeâ2m at pH 7.0. (C) Binding of anti-â2m,
anti-fibrillar (WO1) (33) and anti-oligomer specific antibodies (26)
to â2m and its variants. Aâ 1-40 oligomers act as a positive control
for the anti-oligomer antibody. Glutathione-S-transferase (GST) is
a negative control for all antibodies.

FIGURE 6: Urea-induced denaturation ofâ2m and the variants∆N6
and V37A at pH 7.0, 37°C. Wild-type â2m (circles), ∆N6
(diamonds), and V37A (triangles) in the absence (closed symbols)
or presence of heparin (open symbols) are shown. The data are
shown in terms of the fraction of native protein. Solid lines represent
fits to a two-state unfolding transition.
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that the increase in amyloid fibril formation observed in the
presence of heparin results from the effect of the additive
on seed stability alone.

Other Physiologically ReleVant Factors Promote Fibril
Formation ofâ2m at Neutral pH.The effect of heparin in
promoting fibril formation ofâ2m at neutral pH is consistent
with the notion that this, and other GAGs, could play an
important role in facilitatingâ2m amyloidosis in vivo by
stabilizing fibrillar seeds at neutral pH (30). To determine
whether other factors may also facilitateâ2m fibrillogenesis
in vivo, and whether such factors have a synergistic role with
heparin in promoting fibril formation, we extended our
analysis to include other potentially relevant factors in
seeding assembly of the wild-type protein into amyloid fibrils
(similar results were obtained with∆N6, data not shown).
Based on literature precedents and the known specific
deposition ofâ2m in cartilaginous joints (35-39), the effects
of type II collagen, apoE (pure protein and mixtures of apoE
isotypes within liposomes), and SAP on the rates and
amplitudes of fibril formation at pH 7.0 were assessed.
Previous studies have shown that these components bind to
â2m fibrils and, in the case of pure apoE, stabilize fibrils
against depolymerization at pH 7.0 (35-37, 39-41). In
parallel, the effects of whole normal human serum, uremic
serum, and synovial fluid were also assessed (see Materials
and Methods). Control experiments included analysis of the
effect of sulfate ions and poly(ethylene glycol) (PEG) so that
the specific effect of the biological factors over the physical
or chemical properties of the additives could be discerned.

In total more than 400 assays were performed in two parallel
experiments. The results were highly reproducible both
within and between experiments (Figure 7 and data not
shown).

Consistent with the results above, all experiments in which
monomericâ2m was incubated in the absence of seeds, both
in the presence or absence of additive, resulted in no
significant increase in ThT signal (Figure 7). Likewise,
incubation of monomer in the presence of unstabilized seeds,
sulfate anions, or PEG also failed to produce a significantly
enhanced ThT signal (Figure 7 and data not shown). By
contrast, however, incubation of monomericâ2m with seeds
incubated in the presence of a number of physiologically
relevant additives produced a substantial increase in ThT
fluorescence (Figure 7). Thus, a significant enhancement in
ThT fluorescence was observed in the presence of SAP, pure
apoE3, or a mixture of lipid-bound apoE isotypes, the latter
experiments demonstrating the increased effectiveness of
lipid-bound apoE (Figure 7). Control experiments demon-
strated that the effect of SAP is dependent on the presence
of Ca2+ and on the concentration of SAP added, in line with
its known calcium-dependent ligand binding properties (22).
Addition of type II collagen also had a small effect on
promoting fibrillogenesis of wild-typeâ2m under the condi-
tions used. In all cases, the fibrils formed showed amyloid-
like characteristics, as judged by EM imaging and antibody
WO1 binding (data not shown).

Since all of the physiologically relevant factors tested
above increased the yield of fibrils (albeit to different extents)

FIGURE 7: End points of incubation of wild-typeâ2m in the presence or absence of different physiologically relevant factors, monitored by
ThT fluorescence. Samples were incubated for 6 weeks at pH 7.0, 37°C with agitation (200 rpm). Triplicate samples were set up under
each condition and the ThT signal of each was measured three times. The mean of these readings is shown, with error bars depicting the
standard deviation. The concentrations of biological factors added are given in the Materials and Methods (specifications: a, SAP plus
EDTA; b, 47 µg/mg SAP; c, 94µg/mg SAP; d, unlipidated apoE; e, lipidated apoE).
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when seeds were extended with wild-typeâ2m, different
reagents were then combined to determine whether the effect
of the different components was synergistic or competitive.
Thus, seeds were formed in which amyloid fibrils ofâ2m
made at pH 2.5 were stabilized with lipidated apoE, SAP,
and heparin (mix A) in the presence or absence of collagen
prior to their fragmentation, and these were used in turn to
seed elongation of monomeric wild-typeâ2m (Figure 7). In
parallel, the effect of these seeds in promoting fibril
elongation was compared with seeds incubated with either
whole normal human serum, uremic serum, or synovial fluid,
or by using an amyloidotic tissue homogenate rich inâ2m
amyloid fibrils as seed (see Materials and Methods) (Figure
7). The results showed that incubation of wild-typeâ2m with
a combination of biological factors resulted in a higher ThT
signal compared with that obtained with each component
alone. The results suggest, therefore, that the different
biological factors may have distinct, specific binding sites
on the fibril seeds. On the other hand, the concentration of
agent added may have been insufficient to saturate a common
binding site, as shown in the case of heparin (compare
Figures 3B and 4B). Seeds incubated with uremic serum or
synovial fluid were also able to promote fibril formation at
pH 7.0, while normal human serum was ineffective in
facilitating fibrillogenesis (Figure 7). In addition to an
enhanced increase in ThT fluorescence, seeds stabilized by
multiple factors had a significant effect on the kinetics of
fibril assembly, to the extent that the 2-3 week lag period
typically observed in fibril elongation using seeds stabilized
by heparin was no longer observed (compare Figures 2 and
8). Together, these results suggest that different biological
factors may act in concert to facilitate elongation at neutral
pH, therefore promoting the joint-specific deposition ofâ2m
amyloid fibrils in vivo.

DISCUSSION

The Role of Biological Factors in Promotingâ2m Fibril-
logenesis at Neutral pHin Vitro. Despite the known ability
of â2m to self-assemble spontaneously into amyloid-like
fibrils with high yield (>95%) at acidic pH in vitro (9, 12,
42-44), the mechanism(s) by whichâ2m forms amyloid

fibrils under physiologically relevant conditions remains
obscure. Previous attempts to form amyloid-like fibrils from
wild-type â2m in vitro at neutral pH have demonstrated that
the native protein is highly intransigent to self-assembly at
this pH, even at concentrations of up to 1000-times higher
than that found in DRA patients undergoing dialysis for end-
stage renal failure (42). Despite lacking several of the
protective features often found in all-â-sheet proteins to
prevent intermolecular assembly through edge-strand as-
sociation (45), the nativeâ-sandwich of monomericâ2m is
apparently unable to nucleate fibril assembly in vitro. Akin
to the behavior of other amyloidogenic proteins (see (46-
48) and (49, 50) for recent reviews), transient unfolding of
â2m is required to initiate fibrillogenesis, presumably by the
exposure of new assembly competent sites. Forâ2m this may
be accomplished by mild acidification of the solution which
results in unfolding of the N- and C-terminal regions of the
polypeptide chain, while the central region involving residues
25-80 remains stably structured (51). Alternatively, more
highly unfolded states may initiate fibrillogenesis (52, 53).
Fibrils of â2m have been produced in unseeded reactions in
vitro at pH 7.0 by incubating the protein with Cu2+ ions in
the presence of 1 M urea (54), dialysis ofâ2m into low ionic
strength buffer followed by drying of the protein onto a
membrane surface (55), mutation of residues in the N- or
C-terminal regions of the protein (14) or, as we demonstrate
here, by deletion of the N-terminal six residues. These results
suggest that transient local unfolding of the N- and/or
C-terminal region is a critical first step in the nucleation of
fibril formation for this protein, while decreasing the global
stability (as in the variant V37A) has no effect. By contrast
with other proteins for which amyloidogenicity has been
shown to correlate with global destabilization of the native
protein (56-59), there is no relationship between global
stability and fibril formation in the case ofâ2m (10, 60).
Instead, partially folded species that lack one or more of the
native edgeâ-strands appear to be required to nucleate fibril
assembly.

Despite the difficulties of nucleating fibril formation from
â2m in vitro at neutral pH, a number of reports have recently
described conditions under which wild-typeâ2m is able to
form fibrils by the elongation of fibrillar seeds at this pH,
hence by-passing the need for nucleation. Initial studies
utilized amyloid fibrils extracted ex vivo from amyloidotic
tissues of DRA patients that are stable at neutral pH
(presumably as a consequence of the binding of apoE, SAP,
GAGs, PGs, and/or other factors) and capable of seeding
assembly (9, 61). More recent experiments have shown that
seeds formed at pH 2.5 in vitro that are stabilized by the
addition of GAGs or PGs are also capable of seeding
elongation with wild-typeâ2m at acidic pH, while fibril
elongation at neutral pH in the presence of these additives
is only possible in the presence of TFE or SDS (15, 36, 41,
62). Here, we have demonstrated that fibril seeds incubated
with SAP, lipidated or lipid-free apoE, collagen, synovial
fluid, or uremic serum are able to seed fibril formation of
â2m at pH 7.0 in the absence of organic solvent or detergent.
We have also demonstrated that these physiologically
relevant factors may act in concert with heparin, generating
fibrils in vitro that display morphological, tinctorial, and
protein-ligand binding characteristics of amyloid fibrils ex
vivo. The ability of synovial fluid to stabilize seeds at neutral

FIGURE 8: Time course of fibril formation in the presence of
combined biological factors, monitored by ThT fluorescence. Seeds
incubated in the presence of mix A (containing heparin, apoE and
SAP) (open symbols) and seeds incubated with mix A plus collagen
(closed symbols) (see Materials and Methods). Seeds alone (circles)
and seeds elongated with wild-typeâ2m (squares).
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pH and to promote fibril formation is consistent with the
synovium being the site forâ2m amyloid deposition in vivo.
Furthermore, the observation that uremic serum promotes
fibril elongation, while normal serum does not, indicates that
dialysis-associated factors may also enhance fibril formation.
Given the difficulty in comparing the concentration of
individual components added with those in biological fluids,
the efficiency of the individual compounds and the biological
fluids cannot be directly compared. By contrast with the very
rapid elongation of fibrils under acidic conditions (9, 12),
however, fibril elongation at neutral pH occurs more slowly,
taking weeks to reach completion, even at the high concen-
trations of monomer used here. This suggests that the slow
rate of elongation is limited by the population of assembly-
competent species formed by transient local unfolding of the
native protein. At least for the proteins studied here, such
species must be rare (see also (63)).

The Mechanism of Fibrillogenesis ofâ2m at Neutral pH.
The results presented above can be summarized by the
general scheme shown in Figure 9. Thus, monomericâ2m
and small oligomeric species that are populated in solution
are unable to self-assemble into amyloid-like fibrils at neutral
pH, presumably since the concentration of assembly-
competent species is too low to initiate fibrillogenesis. In
addition, in the absence of stabilizing agents, elongation of
any seeds that do form will be unlikely to occur, since these
species will rapidly depolymerize, regenerating monomers
and smaller oligomeric forms. By contrast, in the presence
of SAP, GAGs, PGs, apoE or collagen, or other physiologi-
cally relevant factors present in vivo, seeds are stabilized,
providing a surface onto which assembly-competent mol-
ecules can add. Further binding of factors onto the growing
fibril then provides additional stabilization, effectively driving
fibril formation to completion. Our results demonstrate that
a stable seed is more critical to fibril formation fromâ2m at
neutral pH than the stability of the monomeric protein, since
wild-type protein and V37A are similarly able to form fibrils
in the presence of such seeds. In addition, the results
rationalize the inability of V37A to form fibrils in the absence
of seeds, as well as the enhanced amyloidogenicity of∆N6
in the absence of seeds (Figure 1B and (30)) since these

species presumably populate assembly competent state(s) to
different extents.

Implications for DRA.Despite the increasing knowledge
of the mechanisms ofâ2m amyloid formation in vitro, key
questions remain unresolved, most importantly how and
where nuclei are formed and whyâ2m amyloid specifically
deposits in joints. The environment within the synovium is
ideal for â2m fibrillogenesis, since synovial fluid is rich in
GAGs that could stabilize fibrils or fibrillar seeds once
formed. The joint cartilage is constructed from a matrix of
type II collagen, GAGs, and aggrecan (64), factors known
to influence fibrillogenesis of many proteins, including tau,
prions, andR-synuclein in vitro (17, 18) and which also
enhance seed elongation with wild-typeâ2m. Circulating
SAP may also enhance fibril stability and thereby facilitate
elongation. The removal of the six N-terminal residues of
â2m promotes de novo fibril formation in the absence of
protein seeds and provides one possible source of the first
fibril seeds that could initiate the amyloid cascade, whereas
other, currently unidentified, reagents within the synovium
or uremic serum that bind to and specifically destabilize the
N- and/or C-terminal regions of the polypeptide chain in vivo
could also facilitate the initiation of fibrillogenesis. Our
experimental findings provide the first insight into the effect
of additives onâ2m amyloid fibril formation at neutral pH
in the absence of chemical denaturants, detergents, or
cosolvents and will allow further systematic analysis of the
effect of additives that enhance this process as well as the
search for small molecules that inhibit fibrillogenesis.
Furthermore, our results suggest several strategies for
therapeutic intervention in DRA, including the prevention
of cofactor binding to early aggregated states or fully
assembled fibrils, or by preventing the local unfolding of
the N- and C-terminal strands to reduce the probability of
seed elongation. While low molecular mass drugs that inhibit
binding of SAP or GAGs to amyloid fibrils are currently
undergoing clinical trials in patients with amyloidosis that
may result in a generic therapeutic for many, if not all,
amyloid diseases (28, 65), the development of molecules that
specifically suppress local fluctuations of the polypeptide
chain or prevent nucleation remains a significant challenge.

FIGURE 9: Schematic diagram showing the potential influence of different biological factors on in vivo amyloid fibril formation from
wild-type â2m at neutral pH. The diagram highlights the central importance of biological factors inâ2m amyloidogenesis, by their ability
to bind and stabilize seeds, providing a surface for elongation by rarely populated assembly competent species. How the seeds are initially
formed in vivo remains unknown.
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