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The tissue specificity of fibrillar deposition in dialysis-related
amyloidosis is most likely associated with the peculiar interac-
tion of �2-microglobulin (�2-m) with collagen fibers. However,
other co-factors such as glycosaminoglycans might facilitate amy-
loid formation. In this study we have investigated the role of hepa-
rin in the process of collagen-driven amyloidogenesis. In fact, hep-
arin is a well known positive effector of fibrillogenesis, and the
elucidation of its potential effect in this type of amyloidosis is par-
ticularly relevantbecauseheparin is regularlygiventopatients sub-
ject to hemodialysis to prevent blood clotting.We havemonitored
by atomic force microscopy the formation of �2-m amyloid fibrils
in thepresenceof collagen fibers, andwehavediscovered thathep-
arin strongly accelerates amyloid deposition. The mechanism of
this effect is still largely unexplained. Using dynamic light scatter-
ing, we have found that heparin promotes �2-m aggregation in
solution at pH6.4.Morphology and structure of fibrils obtained in
the presence of collagen and heparin are highly similar to those of
natural fibrils. The fibril surface topology, investigated by limited
proteolysis, suggests that the general assembly of amyloid fibrils
grownunder these conditions and in vitro at lowpH is similar. The
exposureof these fibrils to trypsingeneratesacleavageat theC-ter-
minal of lysine 6 and creates the 7–99 truncated form of �2-m
(�N6�2-m) that is a ubiquitous constituent of the natural �2-m
fibrils. The formation of this�2-m species, which has a strong pro-
pensity to aggregate, might play an important role in the accelera-
tion of local amyloid deposition.

Dialysis-related amyloidosis (DRA),2 a severe disease arising
as a complication of long term hemodialysis, involves the dep-

osition of �2-microglobulin (�2-m) amyloid fibrils in bones and
ligaments. �2-m constitutes the light chain of the major histo-
compatibility complex class I andCD1 (1), and in normal catab-
olism, it is continuously released in the serum and cleared from
the circulation by the kidney. The replacement of renal func-
tion by hemodialysis does not efficiently remove �2-m. The
persistent increase of its plasma concentration is associated
with �2-m deposition in the osteotendineous system, which is
the specific target tissue of this type of amyloidosis. Among
extra-cerebral amyloidoses, DRA represents the most striking
case of tissue-specific targeting. Although other organs can be
involved, bones and ligaments never escape amyloid deposi-
tion. Homma (2) first pointed out that collagen might be
involved in determining this tissue specificity and demon-
strated a collagen/�2-m interaction.

We have recently determined the binding properties govern-
ing the collagen/�2-m interaction, and we found that the latter
is quite weak but is enhanced when �2-m is truncated at the
N-terminal end, and the pH is reduced from 7.4 to 6.4 (3). We
subsequently demonstrated that fibrillar collagen (type I),
which is abundant in skeletal tissues, is a potent promoter of
�2-m fibrillation at 37 °C and pH 6.4 (4); we chose this pH
because it was compatible with pathophysiological conditions
including the presence of inflammatory processes frequently
associated with this amyloid deposition. Incubation of �2-m in
the presence of fibrillar collagen yielded amyloid fibrils, the
morphology of which was similar to that of ex vivo fibrils
extracted from the amyloid deposits of patients affected by
DRA.We hypothesized that the positively charged patches dis-
tributed over the collagen surface could promote an increase of
�2-m concentration in the solvent surrounding the collagen
fiber and also the proper orientation of �2-m that facilitates an
ordered polymerization (4). Type I collagen must assume its
highly ordered fiber conformation, typical of bones and liga-
ments, to promote amyloid formation and deposition. When
microfibrils alignment is more disordered, as in the skin (5),
collagen, although very abundant in this district, does not rep-
resent a good inducer of amyloid fibril deposition. In fact, cuta-
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neous amyloidosis is rare in DRA, although a few cases have
been reported (6).
Glycosaminoglycans (GAGs) are a constitutive component

(7) of amyloid deposits, including those associatedwithDRA. In
vitro studies have shown that GAGs enhance the nucleation of
amyloid-� peptides (8) and favor fibril formation and stabiliza-
tion (9). Heparin and at a lesser extent heparan sulfate are
reported to significantly increase the rate of fibrillation of
�-synuclein (10) and gelsolin (11). Extensive experimental evi-
dence show that among GAGs, heparin is particularly effective
in accelerating both the fibril formation (11) and extension (12),
and it has been proposed that such behavior is highly depend-
ent on the sulfate groups present in this GAG (11). However,
the molecular mechanisms involved in the enhancement of
aggregation by heparin and other GAGs are still unknown. Fur-
thermore, in vivo studies have demonstrated the coincident
deposition of amyloidogenic protein and GAGs (13), and in a
mouse model of amyloid protein A (AA) amyloidosis a resist-
ance against the amyloid deposition can be achieved through
the overexpression of heparanase, which degrades heparan sul-
fate (14). A key role of GAGs in causing the amyloid deposition
is also proved by the effectiveness of therapeutic agents able to
displace GAGs from the amyloid fibrils (15).
The investigation of the effects of heparin on the fibrillation

of �2-m is particularly relevant because heparin is commonly
used as an anticoagulant in the therapeutic treatment of
patients affected by DRA (16). Heparin has been reported to
inhibit the depolymerization of �2-m fibrils in vitro (17) and to
promote the extension of preformed fibril seeds, both in the
presence (12) and in the absence (18), of trifluoroethanol.
Finally, the exposure of heparin to �N6�2-m, which is an ubiq-
uitous constituent of the natural �2-m fibrils, allows the forma-
tion of amyloid fibrils even in physiologic buffer (19).
In this study we have tested the effect of the co-presence of

collagen and heparin on the fibrillogenesis of full-length �2-m.
We have mainly used atomic force microscopy to investigate
the sample morphology and limited proteolysis to study the
conformation of �2-m in the fibrils obtained in the presence of
heparin. We performed light scattering measurements to test
the effect of heparin on the aggregation process of �2-m. Over-
all, our data indicate that the enhancing effect of heparin on
amyloidogenesis is associated with an increased oligomeriza-
tion of �2-m.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant �2-m—�2-m
was produced as recombinant protein according to the proce-
dure reported previously (20). The concentration of the protein
solution was determined spectrophotometrically at 280 nm by
using an extinction coefficient (A1 cm

1%) of 16.17.
Preparation of Type I Fibrillar Collagen—Type I collagenwas

purified from calf skin as described previously (3). The purity of
the collagen was checked by SDS-PAGE, and the concentration
of the collagen solutionswas determined by the hydroxyproline
assay according to Huszar et al. (21). Fibrillar collagen was pre-
pared by solubilizing purified collagen in 5 mM acetic acid. The
solution was diluted 1:1 with a phosphate buffer (0.001 M mag-
nesium chloride, 0.272 M sodium chloride, 0.005 M potas-

sium chloride, 0.003 M potassium dihydrogen phosphate,
0.016 disodium hydrogen phosphate) pH 7.5 and incubated
at 37 °C for 30 min.
Aggregation of �2-m—Lyophilized �2-m was dissolved in 50

mM ammonium acetate, pH 7.4, at the concentration of 2
mg/ml and centrifuged at 16,500 � g for 1 h to remove large
aggregates. The supernatant was collected and filtered with a
20-nm pore filter; the protein concentration was then deter-
mined using a Jasco V-530 spectrophotometer. Aggregation
experiments were performed at protein concentrations in the
40–50 �M range for AFM (atomic force microscopy) experi-
ments and 160–170 �M range for thioflavin T assay, after acid-
ification of the protein solution to pH 6.4 by using an HCl solu-
tion at pH 2. The final ammonium acetate concentrationwas in
the 12–30mM range. 20 �g of fibrillar collagen were suspended
in 50 mM ammonium acetate, pH 6.4 and were added to the
protein solution. The samplewas incubated at 37 °C in the pres-
ence of 20 �M heparin sodium salt, low molecular weight
(4000–6000) from porcine intestinal mucosa (Sigma-Aldrich).
Furthermore, the same experimental conditions were used for
the aggregation experiments in the presence of 1 mg/ml of
�N6�2-m.
Thioflavin T Assay—Quantification of amyloid fibril forma-

tion was performed with the method described by LeVine (22).
Thioflavin T concentration was 5 �M, and the buffer used was
50 mM glycine, pH 8.5. Measurements were made using a LS50
PerkinElmer spectrofluorometer with excitation at 455 nm;
emission was collected at 485 nm. Slits were set at 5 mm.
Limited Proteolysis and MALDI-TOF Experiments—The

aggregate constituted by fibrillar�2-m grown on collagen in the
presence of heparin was separated from the supernatant and
washed twice with 50 mM ammonium bicarbonate. Compara-
tive limited proteolysis experiments were performed on soluble
�2-m and fibrils obtained from �2-m at pH 4.0 (20) and at pH
6.4 in the presence of collagen and heparin. Experiments were
carried out by incubating the samples with trypsin (Sigma-Al-
drich) and endoprotease AspN (Roche). Enzymatic digestions
were all performed in 50 mM ammonium bicarbonate (pH 7.5)
at 37 °C using an enzyme-to-substrate ratio 1:100 (w/w). The
extent of the reaction was monitored on a time course basis by
sampling the incubation mixture at different time intervals.
Peptide mixtures were analyzed by MALDI-TOFmass spec-

trometry using a Micromass spectrometer (Waters) in linear
mode. The sample was solubilized in 0.2% trifluoroacetic acid,
and the protein solution was mixed 1:1 with a solution of
�-cyano-4-hydroxycinammic acid, 10 mg/ml in acetonitrile,
0.2% trifluoroacetic acid 7:3 (v:v), applied onto the metallic
sample plate and air dried. Mass calibration was performed
using a sample of �2-m soluble standard.
Atomic Force Microscopy—Aggregation of �2-m in the pres-

ence of collagen andheparinwas performed as described above,
but a lower heparin concentration was employed (from 2 to 9
�M). The protein concentration was in the range between 17
and 50 �M. In addition, four or five aliquots of fibrillar collagen
(instead of one) were added to the protein solution to allow
sampling at different times of the aggregation reaction. Details
of sample preparation, including pre-sonication of collagen, are
the same described previously for aggregation experiments in
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the presence of collagen alone (4). For AFM inspection, each
collagen aliquot was extracted from the protein solution,
deposited onto freshly cleavedmica, gently washed with buffer,
and dried under a nitrogen stream. AFM images were acquired
in tapping mode using a Multimode Scanning Probe micro-
scope (Digital Instruments-Veeco, Santa Barbara, California),
equippedwith a “E” scanning head (maximumscan size 10�m),
and driven by aNanoscope IV controller. Single beamuncoated
silicon cantilevers (type OMCL-AC160TS, Olympus, Tokyo,
Japan) were used. The drive frequency was around 300 kHz; the
scan rate was between 0.3 and 0.8 Hz. Vertical displacements
were calibrated measuring the depth of grating notches (180
nm) and the half-unit cell steps (1 nm) obtained by treating
freshly cleavedmica with hydrofluoric acid. The horizontal dis-
placements of the piezoelectric tubes were calibrated using a
3-�m pitch diffraction grating.
Dynamic Light Scattering—Dynamic light scattering meas-

urements were performed at 25 °C using a Zetasizer Nano ZS
(Malvern Instruments). This instrument exploits backscatter
detection (173 °C) together with non-invasive detection optics
(NIBS technology) and yields size distributions obtained by the
analysis of the correlation function using an algorithmbased on
CONTIN. The latter uses the following power approximation
for the scattered intensity: I(r) � r6, r � 100 nm; I(r) � r2, r �
100 nm (23). However, due to the high polydispersity of our
system, such analysis only provides a qualitative estimate of the
size distributions. Therefore, we chose to base the analysis of
dynamic light scattering data on the comparison of the auto-
correlation functions in the absence and in the presence of hep-
arin. Experiments were performed incubating �2-m at 37 °C in
ammonium acetate 50 mM, pH 6.4. A set of experiments was
also performed under the same conditions, but at pH 7.4. The
protein concentration was between 260 and 300 �M.We tested
heparin concentrations of 2 and 0.6 �M. Before starting the
experiment, the protein solutionwas filteredwith a 20-nmpore
filter, and the protein concentration was determined after fil-
tration using a Jasco V-530 spectrophotometer. The pH stabil-
ity of the sample was checked as a function of time; the meas-
urements at pH 7.4 were done under nitrogen to avoid possible
pH changes induced in the small sample volume by the pres-
ence of atmospheric CO2.
Cross-linkage of �2-m Oligomers—�2-m at 100 �M in phos-

phate buffer (pH 7.8) was incubated with 200 �M disuccinimi-
dyl glutarate, used as a cross-linker (freshly prepared in accord-
ance with the manufacturer’s instructions), at room
temperature for 30 min. This condition represents a cross-
linker to protein ratio of 2:1. The reaction was quenched with 1
M Tris-HCl (pH 7.4). An aliquot of the cross-linked protein was
analyzed by SDS-PAGE according to Laemmli (24), and the
spots corresponding to monomeric and dimeric species were
excised from the gel, washed in 50mM ammoniumbicarbonate,
pH 8.0, in 50% acetonitrile, reduced with 10 mM dithiothreitol
at 56 °C for 45min, and alkylatedwith 55mM iodoacetamide for
30 min at room temperature in the dark. The gel pieces were
washed several times with the buffer, resuspended in 50 mM
ammonium bicarbonate, and incubated with 200 ng of endo-
protease AspN (ROCHE) overnight at 37 °C. The supernatant
containing peptides was analyzed by MALDI-TOF mass spec-

trometry in reflection mode. Mass calibration was performed
using a peptide standard mixture provided by the manufac-
turer. Subsequently the peptidemixtures obtained by endopro-
tease AspN digestion were submitted to hydrolysis with 200 ng
of trypsin (Sigma) and analyzed by MALDI-TOF mass
spectrometry.

RESULTS

To test the effect of heparin on the aggregation of �2-m
under pathophysiological conditions, we incubated �2-m at
37 °C and pH 6.4 in the presence of type I fibrillar collagen and
heparin. The aggregation process was investigated as a function
of the incubation time by tapping mode atomic force micros-
copy. In a previous study (4) we demonstrated that �2-m fibril-
lation under these conditions is strictly localized and associated
with the presence of the collagen surface. In the absence of
collagen, aggregation experiments performed in the presence
of heparin did not give rise to fibril formation. By contrast, in
the presence of collagen and heparin, the formation of thin
filaments around 1 nm in diameter was observed already after
17-h incubation (Fig. 1a), whereas after 24 h fibrils were
formed. Fig. 1b shows a network of fibrils connecting two iso-
lated collagen fibers, which can easily be recognized due to the
characteristic-banding pattern of collagen. A third collagen
fibril, shorter and thinner than the other ones and also sur-
rounded by �2-m fibrils, is visible in the upper left part of the
image; non-fibrillar aggregates are also present. At 48 h fibrils
were arranged into planar bundles (Fig. 2a). By contrast, under
the same conditions but in the absence of heparin, fibrils were
still absent, as shown in Fig. 2b, which displayed a typical pat-
tern obtained in this case. Several collagen fibers of different
diameters are visible; the banding pattern is hidden by the pres-
ence of proteinaceous material completely surrounding colla-
gen. The inset shows a magnification of the protein material in
the background of Fig. 2b, which does not exhibit yet any fibril-
lar arrangement, whereas annular protofibrils are occasionally
observed.
At longer incubation times, the size andmorphology of�2-m

fibrils obtained in the presence of heparin did not change sig-
nificantly (Fig. 2c), suggesting that the aggregation process was
complete. Fig. 2c shows the typical close-packed arrangement
of fibrils in planar sheets, as observed previously for ex vivo
�2-m amyloid fibrils purified from patients affected by dialysis-
related amyloidosis (4). Fibrils originated from collagen fibers,
which clearly exhibited their banding pattern. Clumps of non-
fibrillar material were also present in this sample. In the
absence of heparin, fibrils were observed after 4 days incubation
(Fig. 2d, inset), whereas larger fibril bundles were found after 9
days (d). The heights of fibrils obtained in the presence and in
the absence of heparin were 2.3� 0.4 and 2.0� 0.4 nm, respec-
tively. Within the experimental error, these values are compat-
ible and are in agreement with thosemeasured for ex vivo �2-m
amyloid fibrils (4, 25).
A closer inspection of the early stages of the aggregation

process in the presence of collagen and heparin is reported in
Fig. 3. At the start of the aggregation, globular material was
observed (Fig. 3a). These globules had aheight of 0.80�0.03nm
and an apparentwidth of 32� 1nm (the latter is influencedby the
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tip size). After 2 h this material appeared in part organized into
small clusters (Fig. 3b); a statistical analysis of the aggregate sizes
yielded a height of 0.95� 0.05 nm and an apparent width of 40�
2 nm. After 4 h short protofibrils, in some cases organized into
rings, were observed (Fig. 3c). The protofibril height was 0.93 �
0.02 nm, whereas the length was 92 � 3 nm. The sample texture
observed after 4 h resembles that in the background of Fig. 1a,
corresponding to17hofaggregation, although in the latter amuch
larger number of rings are visible and longer, straight filaments are
also present. For an easier comparison, a portion of Fig. 1a is
reported in Fig. 3d at the same scale of Fig. 3, a–c.
Although collagen fibers were not always visible in the

images presented here, all images were obtained by engaging

the AFM tip in close proximity to the collagen network. The
filament and fibril sizes reported above were obtained from the
height in cross-section of the topographic AFM images; these
sizes were reduced with respect to fully hydrated conditions
due to the drying procedure applied to the sample to facilitate
its adhesion to the mica substrate. A correction factor of about
1.4 was determined based on measurements of the height of
globular proteins under full hydration conditions and after dry-
ing using a nitrogen stream.3

We have previously reported that in similar conditions, but
without heparin, the thioflavin assay of �2-m was negative. We
have nowconfirmed the previous data, but in the presence of hep-
arin, thioflavin positive aggregates become detectable in solution
(Fig. 4).According to the thioflavin assay the fibrillar conversionof
full-length �2-m is further accelerated by the presence of
�N6�2-m at a concentration that per se and within this time
course scale does not generate any thioflavin positive aggregate.
To test whether the presence of collagen and heparin might

affect the arrangement of the polypeptide chain in �2-m fibrils,
we employed limited proteolysis, which is an excellent tool to
detect the presence of different polypeptide conformations and
states of association. Using this technique others and we have
shown that the first strand of �2-m becomes flexible and sus-
ceptible to proteases when the protein is in the fibrillar state
(26, 27). In addition, we have shown that trypsin can specifically
cleave fibrillar �2-m at the peptide bond between Lys-6 and
Ile-7, and this bond is fully protected when �2-m is in the glob-
ular state (26).

3 S. Giannini, G. Calloni, S. Campioni, X. Salvatella, C. Lagen, S. Gliozzi, A. Relini,
M. Vendruscolo, C. M. Dobson, and F. Chiti, submitted for publication.

FIGURE 1. Tapping-mode-AFM images of �2-m incubated at 37 °C and pH
6.4 in the presence of fibrillar collagen and heparin. a, after 17 h of incu-
bation thin filaments are clearly visible on a background of non-fibrillar mate-
rial. Height data: scan size, 1.2 �m; Z range, 8.0 nm; b, fibril network connect-
ing isolated collagen fibrils, observed after 24 h of incubation. Non-fibrillar
aggregates are also present. Amplitude data: scan size, 5.7 �m.

FIGURE 2. Tapping-mode-AFM images of �2-m incubated at 37 °C and pH
6. 4 in the presence of fibrillar collagen (a and c, with 9 �M heparin; b and
d, without heparin) (see under “Results”). Incubation time (a and b, 48 h; c,
5 days; d, 9 days); a and b, height data; c and d, amplitude data. Scan size: a, 2.5
�m; b, 3.0 �m (inset, 2.6 �m); c, 1.7 �m; d, 0.84 �m (inset, 0.50 �m); Z range: a,
15 nm, b, (inset), 10 nm.
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Wehave nowobtained similar results bymonitoring the pro-
teolytic susceptibility of amyloid fibrils grown on collagen in
the presence of heparin by using two different enzymes (trypsin
and endoprotease AspN). The products obtained exposing the
complex collagen-amyloid fibrils to these proteases are sub-
stantially identical to those resulting from fibrils formed in vitro
at low pH. As an example, the cleavage patterns obtained with
trypsin on globular �2-m, on fibrils of �2-m formed in vitro at
pH 4.0 and fibrils grown on collagen in the presence of heparin
are reported in Fig. 5. It is worth noting that all the cleavage sites
described in the past (20, 26) were confirmed with fibrils pre-
pared under the present conditions, thus suggesting that the
general topology of the protein inside the fibrils is similar, inde-
pendently from the method of in vitro fibrillogenesis that is

used. Apparently the presence of collagen does not mask the
sensitive sites of cleavage of fibrillar �2-m. This clue is consist-
ent with the AFM images, which show that contact between
collagen and amyloid fibrils is at most limited to one fibril edge.
In fact, �2-m fibrils grown in very close proximity to collagen
fibers lie almost perpendicular to the latter (see Figs. 1b and 2c),
as expected for a growth process influenced by the radial elec-
tric field of the collagen fiber (4).
The strong effect of heparin on fibril growth raises a seminal

question about the mechanism by which this highly charged
polyanion might accelerate the fibril formation. We previously
reported that the presence of soluble �2-m oligomers (remov-
able by filtration with 20-nm pore filters) was also capable of
speeding up the kinetic of fibrillogenesis in the presence of col-
lagen (4). Therefore, heparin might act on this process favoring
the formation of oligomers; we have tested this hypothesis by
light scattering measurements of �2-m in solution. This set of
experiments was necessarily performed in the absence of fibril-
lar collagen because the large size of the collagen network inter-
fered with light scattering measurements. However, we dem-
onstrated previously that the presence of collagen is a crucial
factor to achieve the fibrillation of wild type �2-m at 37 °C and
pH 6.4 (4). Therefore, light scattering experiments were not
expected to reproduce in detail the morphologies found in the
presence of collagen, but rather to yield information about the
ability of heparin to accelerate the aggregation process. �2-m
was filtered with a 20-nm pore filter and was incubated at 37 °C
and pH 6.4 in acetate buffer in the presence of heparin. Fig. 6
shows the dynamic light scattering correlation functions meas-
ured in the absence and in the presence of heparin at pH 6.4 at
different incubation times in a typical experiment. The curves
obtained in the presence of heparin clearly show a change in the
decay rate, which increases as the �2-m aggregation time

FIGURE 3. Tapping-mode-AFM images of �2-m incubated at 37 °C and pH
6. 4 in the presence of fibrillar collagen and 2 �M heparin. a, t � 0; b, after
2 h; c, after 4 h; d, after 17 h. Each panel corresponds to an image area of 800
nm � 400 nm. Z range, 7 nm.

FIGURE 4. Thioflavin assay of �2-m incubated in 50 mM glycine, pH 8.5 at
37 °C. �, samples containing 2 mg/ml �2-m, 20 �g of collagen, and 100
�g/ml heparin; F, samples containing 2 mg/ml �2-m, 20 �g of collagen, 100
�g/ml heparin, and 1 mg/ml �N6�2-m; �, buffer containing 20 �g of colla-
gen and 100 �g/ml heparin.
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increases. On the other hand, the decay rate of the curves
obtained in the absence of heparin does not change significantly
with �2-m aggregation time. In the absence of heparin and at
short aggregation times in the presence of heparin, a fast decay
of the correlation function is observed. A qualitative analysis of
the correlation functions using the algorithm implemented in
our instrument indicated the presence of particles with size in
the range of 2–6 nm, which may correspond to monomeric
�2-m and oligomers of few molecules. At longer aggregation
times in the presence of heparin, the decay rate of the correla-
tion function was much slower. In this case the analysis of the
correlation functions showed the coexistence of small and large
particles, from a few nanometers to hundreds of nanometers.

The same experiment was also
performed in parallel at pH 7.4. In
this case a fast decay of the correla-
tion function was always observed
in the presence of heparin, without
significant differences with respect
to the sample in the absence of hep-
arin. In both cases the correlation
functions showed the same behav-
ior even after 6 days incubation at
37 °C (not shown). In the absence of
heparin we did not observe the
growth of aggregates of typical size
(hundreds nm), reported to occur
after 4 days at pH 7.4 and 25 °C in a
previous study (28). This result is
probably due to the lower�2-mcon-
centration employed in the present
work. The AFM results, supported
by the light scattering results
reported here, suggest that heparin
can accelerate the fibrillogenesis in
the presence of collagen by favoring
�2-m aggregation. Even the mini-
mal concentration of heparin (0.6
�M) that we tested was able to acti-
vate aggregation. It is worth noting
that such a concentration can be
easily achieved during the hemodi-
alysis procedure according to the
doses of heparin infused to avoid
blood clotting (29).
The presence of oligomers in

solution has been further explored
by trying to stabilize their intermo-
lecular interactions through chemi-
cal cross-linkers able to covalently
bridge the side chains of the lysines.
We have chosen to cross-link
lysines because from the tertiary
structure of the monomer (Protein
Data Bank code 1JNJ) the 8 lysines
of �2-m are regularly distributed on
the molecular surface and well
exposed to the solvent (Fig. 7).

Through this approach it is possible to stabilize multimers of
�2-m that can be visualized and singled out through the SDS-
PAGE. By electrophoresis we can actually well separate mul-
timers from monomers to hexamers and identify the side
chains involved in the intermolecular cross-linkages (Fig. 8A).
When the cross-linker is not present (Fig. 8, lane a), the oli-
gomers are solubilized, but in the presence of cross-linkers,
�2-m in solution gives rise to several discrete bands (lane b).
The proteolytic digestion of the isolated bands gives rise to a
peptide fingerprint inwhich free lysines, lysines interconnected
through intramolecular links, and those involved in intermo-
lecular links can be easily isolated. Fig. 8B shows two compara-
tive spectra of the peptide fingerprints derived frommonomeric

FIGURE 5. a, schematic representation of the results obtained from limited proteolysis experiments on the
soluble form of native �2-m and on fibrils formed in vitro. Preferential cleavage sites are depicted by solid bars.
Trypsin and endoprotease AspN were used as conformational probes. b, MALDI/mass spectrometry analysis
(only spectra in the range 5500 –12000 are shown) of the aliquots withdrawn following 1 h of trypsin incuba-
tion of the soluble �2-m (A) and the fibrils grown in the presence of collagen and heparin (B).
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anddimeric bands excised fromtheSDS-PAGE.Apeptideof 3236
dalton, that is not present in themonomeric band, can be isolated
in dimers after digestion with AspN protease. This peptide can
only correspond to an intermolecular peptide connecting Lys-58
and Lys-91 or Lys-94. It is well established that when the NH2
groupof lysine is involved in the amide bondwith the cross-linker,
the trypsin cleavage does not occur. Therefore to identify which
one of the two C-terminal lysines is involved in the cross-linkage,
we have sub-digested, by trypsin, the peptides obtained from the
endoproteaseAspNcleavage.Wealwaysobtained fromthisdiges-
tion a peptide of 2255 dalton in which the Lys-91 escapes from
cleavage, thusdemonstrating that its side chain is directly involved

in the linkage. We exclude that this cross-linked dipeptide might
originate from a single molecule because the minimal linear dis-
tance of the �-amino groupof Lys-58 from those of Lys-91 and- 94
is, respectively, of 30 and 36 Å, a distance that could be never
covered by the cross-linker of 7 Å that we have used. This is the
only intermolecular peptide found in dimers, trimers, tetramers,
pentamers, and hexamers.We are unable, at this stage, to provide
any structural detail regarding the limits of the contact area
between the monomeric units. However, these data and prelimi-
nary data obtained with other chemical cross-linkers suggest that
in the oligomers the loopDE of�2-mmight be involved preferen-
tially into interactionswith surface regionsof theprotein extended
from the N-terminal site of strand G and the N-terminal site of
strand A.
The same type of cross-linking identified in the�2-mdimer is

confirmed in trimers, tetramers, and pentamers. It is worth
noting that this type of interaction is present both in the
presence and in the absence of heparin (data not shown),
thus suggesting that at least in the early phase of oligomeriza-
tion, heparin only enhances the intrinsic propensity of �2-m to
self-assemble through specific intermolecular interactions.

DISCUSSION

It is commonly accepted that amyloid fibril formation results
from a nucleation and growth process and that the presence of
a lag phase reflects the time required for nuclei to form (30).We
found that upon filtration with 20-nm pore size filters, to max-
imize the removal of possible pre-existing seeds,�2-m solutions
incubated at 37 °C and pH 6.4 in the presence of collagen and
heparin-produced fibrils within 1 day from the start of the
aggregation process. Under the same conditions, but in the
absence of heparin 4 days were required to obtain fibrils. Light
scatteringmeasurements showed that heparin favors�2-m aggre-
gation, as after 1 day aggregates of hundreds nm were formed,
whereas in the absence of heparin only oligomeric forms were
detected even after 5 days of aggregation. Thesemeasurements,
being performed in the absence of collagen, were not expected
to reproduce the same aggregation path observed in the pres-
ence of collagen, but they provided complementary informa-
tion about the ability of heparin to accelerate the aggregation

FIGURE 6. Dynamic light scattering auto-correlation function G(�) meas-
ured for �2-m solutions kept at 37°C and pH 6.4 (a, 2 h; b, 24 h; c, 5 days)
in the absence (empty circles) and in the presence (filled circles) of 2 �M

heparin.

FIGURE 7. Three-dimensional structure of monomeric �2-m (Protein Data
Bank code 1JNJ) in which the side chains of eight lysines of the protein
are highlighted in red.
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process. Collectively, the AFM and
light scattering results suggest that
heparin may favor the �2-m oli-
gomerization and consequently the
fibrillogenesis in a manner similar
to what occurs in other amyloid-
forming proteins such as gelsolin
(11). At the pH investigated in this
work, �2-m has a net negative
charge, as confirmed by the negative
value of the � potential (�10 � 5
mV) measured in these conditions
(4). It is surprising that a polyanion
such as heparin could favor the
aggregation process; however, a
similar behavior has been already
observed for negatively charged
�-synuclein (10). It has been sug-
gested that in this case either the
presence of clusters of positive
charges or the dipolar nature of
the global charge distribution may be
involved in the interaction with
heparin. In addition, the binding of
heparin has been proposed to
increase the degree of order of the
protein, thus favoring the aggrega-
tion process (31).
The ability of heparin to stabilize

and favor the formation of oli-
gomers, even though the affinity
measured between heparin and
monomeric �2-m is very low (32),
suggests that oligomeric species
might be the preferential target of
heparin. The remarkable differ-
ences in the kinetics of oligomeriza-
tion observed at pH 6.4 or 7.4, in the
absence of any significant confor-
mational change in the protein at
these two pHs, as observed in the
past by NMR (33, 34), confirm pre-
vious suggestions (35) that His resi-
dues might have an important role
in the oligomerization and interac-
tion with heparin. In fact, these are
the only residues that could change
their ionization state between pH
6.4 and 7.4. The stabilization of the
oligomers through chemical
cross-linkers suggests that at least
in the smallest oligomers an inter-
action head to tail of the molecule
is present in the early phase of the
aggregation.
The combination of collagen

fibers and heparin seems so far the
most potent amyloid inducer under

FIGURE 8. Analyses of covalently stabilized �2-m oligomers obtained by chemical cross-linking. A, SDS-
PAGE of soluble (lane a) and cross-linked �2-m (lane b). B, the first two panels show the MALDI-TOF analyses of
the endoprotease AspN digest of monomeric and dimeric �2-m, respectively. The last two panels show the
mass spectra of peptide fingerprints obtained after trypsin sub-digestion of endoprotease AspN peptides
mixture of monomeric and dimeric �2-m. The arrow indicates the mass of the intermolecular peptide connect-
ing Lys-58 and Lys-91 isolated in �2-m oligomers.
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pathophysiological conditions for full-length �2-m, and it
might represent amodel for further investigation of both inhib-
itors andpositive effectors of polymerization. Thismodelmight
also represent a system for the evaluation of events, such as
proteolysis, that could remodel, stabilize, or dissolve amyloid
fibrils. We have clearly established that in natural amyloid
fibrils, the full-length protein is the predominant species, but a
form lacking the first six N-terminal residues (�N6�2-m) also
exists (25, 36). The remarkable amyloidogenic propensity of
this species, in comparison with the full-length protein, and its
ability to form fibrils at neutral pH is well documented (20, 27).
In this study we have shown that �N6�2-m can be generated

from full-length �2-m aggregated over the collagen surface; it is
therefore plausible that in vivo �N6�2-m might be formed at
the site of deposition of �2-m on collagen through the action of
a putative protease. �N6�2-m, once formed, could certainly
contribute to the acceleration of the process of amyloid depo-
sition, being capable of recruiting the full-length protein in the
oligomerization process (28). It has been recently shown that
heparin and heparan sulfate, evenwithout seeds, can induce the
fibrillogenesis of�N6�2-m in physiological buffer, thus further
supporting the hypothesis that the concomitant presence of
�N6�2-m and glycosaminoglycans highly enhances the risk of
amyloid formation (19). Deposition on collagen is favoredwhen
�2-m is oligomeric (4) as well as when it is cleaved as �N6�2-m
(3). All our data, so far, envisage amodel of “nucleation depend-
ent” fibrillogenesis funneled toward the collagen surface. We
have previously reported a low affinity interaction (Kd � 100
�M) betweenmonomeric full-length �2-m and collagen (3), but
it has been established that oligomerization thermodynami-
cally favors the interaction of a ligandwith its target surface (37)
and therefore oligomeric �2-m could represent the species
most avidly binding the collagen surface.
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