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Amyloid formation is the hallmark of many diseases. The propensity of a protein to
aggregate depends on a number of biological factors like the presence of sulphated
polysaccharides termed as glycosaminoglycans (GAGs). Here we assessed whether
the polymeric nature of GAGs is responsible for their protein aggregation-promoting
effect. We studied the effect of different monosaccharide derivatives, featuring the
main characteristics of heparin and heparan sulphate (HS) building blocks, on
the aggregation kinetics of human muscle acylphosphatase (mAcP), a useful model
protein for these studies. We observed that while heparin and HS changed the mAcP
aggregation kinetic profile, the monosaccharide derivatives had no effect, whatever
their concentration could be and both when they are studied separately or in com-
bination. In contrast, heparin fragments with six or more monosaccharides repro-
duced the effects of HS and in part those of heparin. We conclude that the effect
of heparin and HS on protein aggregation arises from the clustering and regular
distribution of their composing units on a polymeric structure. We propose a
model in which heparin and HS promote mAcP aggregation through a scaffolding-
based mechanism, in which the regularly spaced sulphate moieties of the polymer
interact with mAcP molecules increasing their local concentration and facilitating
their orientation.

Key words: amyloidosis, biological polymers, extracellular matrix, glycosaminogly-
can, protein folding and aggregation.
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The conversion of peptides and proteins from their
native, soluble states into extracellular fibrillar assem-
blies, generally termed as amyloid fibrils, is the hallmark
of a number of human diseases, including Alzheimer’s
disease, systemic amyloidoses and type II diabetes
(1, 2). In these diseases, the resulting fibrillar aggregates
feature a characteristic cross-b structure and share the
ability to bind specific diagnostic dyes such as Congo red
and thioflavin T (ThT) (2). Amyloid fibril formation
results in a toxic gain-of-function mechanism although
it is likely, in many diseases at least, that the oligomeric
species that form before the fibrils are the real
pathogenic species (3, 4).

It is well established that many biological factors are
susceptible to modulate amyloid fibril formation in vivo,
rendering this process remarkably more complex
than actually observed in studies performed in vitro,

where such factors are generally absent. These factors
include protein expression levels, local protein concentra-
tion, macromolecular crowding or the presence of specific
cofactors like metal ions, phospholipids, glycosaminogly-
cans (GAGs), collagen fibres, the serum amyloid P
component, etc. (5–12). The study of the mechanisms by
which these biological determinants influence amyloid
fibril formation is of fundamental relevance for our
understanding of the molecular basis of amyloid-
associated diseases and the development of future
therapeutics (12).

GAGs are linear unbranched polysaccharides built up
from repetitive disaccharide units. They are extremely
abundant in the human body where they exist either in
free form or covalently linked to a protein core as proteo-
glycans. GAGs are synthesized in the Golgi apparatus
and released in the extracellular space, where they
fulfil a large variety of biological roles, both structural
and functional (13). It is well-known that GAGs have a
profound influence on amyloidogenesis in vivo. Different
GAGs have been found to be intimately associated with
amyloid fibrils in vivo (7). In particular, heparan sul-
phate (HS) has been found to be associated with all
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amyloid deposits so far analysed (7). This interaction
is not passive, as GAGs have been found to accelerate
amyloid formation by a variety of proteins that form
extracellular amyloid deposits in pathological conditions
(14–20). GAGs have also been found to increase the resis-
tance of fibrils to depolymerization (21) or proteolytic
degradation (22) in vitro, and to modulate the cytotoxi-
city of amyloid fibrils in cellular models (23, 24).

The interactions between GAGs and amyloidogenic
proteins are mainly electrostatic, as they are shielded
by high ionic strengths (25, 26). These electrostatic inter-
actions are of relative low specificity but of high affinity,
with binding constants ranging from the nanomolar
to the micromolar order (14, 27, 28). The sulphate
moieties present on the GAG molecule play a central
role (14, 20, 29), with the GAG–protein interactions prob-
ably taking place between the negatively charged sul-
phate groups of the GAG and the basic residues of the
polypeptide chain (14, 20, 30, 31). Apart from the electro-
static component, the molecular basis of the GAG–
protein interaction that leads to the GAG-induced amy-
loid aggregation is largely unknown.

Human muscle acylphosphatase (mAcP) has proven to
be a useful model system to study amyloid formation
in vitro (32–39). It is a relatively simple a/b protein of
98 residues that lack complicating factors, such as disul-
phide bridges or bound factors (40). Under destabilizing
conditions, mAcP forms readily well-defined amyloid-like
protein aggregates characterized by a fibrillar morphol-
ogy as detected with electron microscopy, an extensive
b-sheet structure as revealed by circular dichroism and
infrared spectroscopy, and typical tinctorial properties
like ThT binding or Congo red birefringence under
cross-polarized light (32). mAcP aggregates are therefore
structurally similar to those that are extracted from
patients or reproduced in vitro from disease-related
proteins. Amyloid formation starts from an unfolded
form of mAcP (33, 34, 37), and for this reason amyloid
formation has been triggered in these studies using
moderate concentrations of 2,2,2-trifluoroethanol (TFE)
to populate initially a denatured state enriched with
a-helical structure (35, 36, 38, 39). Recently, mAcP has
also been used to study the effect of different polyanions
on protein aggregation in vitro (28). Polyanions such
as ATP, DNA and the GAG heparin were found to
increase dramatically the aggregation rate of mAcP and
to stabilize the resulting aggregates (28). Both phenom-
ena were dependent on the net charge and size of the
polyanion (28). Magnesium or calcium ions were found
to inhibit the interactions between polyanions and
mAcP, suggesting that they are electrostatic in nature
(28). The heparin-related, low-sulphated HS has also
been found to promote aggregation of mAcP (41).
Therefore, the interaction between mAcP and GAGs
such as heparin and HS recapitulates the main charac-
teristics of the effects of GAGs on protein aggregation
in vitro.

In this work, we take advantage of the model composed
by mAcP, on the one hand, and heparin and HS on the
other, to investigate the mechanism by which the sul-
phate groups present on these GAGs promote amyloid
formation by mAcP. In particular, we assess whether
the various sulphate groups present with a high density

and a regular spatial distribution in the polysaccharide
chain act in a synergistic and cooperative way. To this
aim, we tested the effect of different monosaccharide
derivatives of heparin and HS and of different heparin
fragments with various lengths on the kinetics of mAcP
aggregation. By comparing the effects of such monosac-
charides and oligosaccharides with those of heparin and
HS, and by correlating the observed differences with the
different chemical nature of the molecules used, we show
that heparin and HS promote mAcP aggregation through
a scaffolding-based mechanism.

MATERIALS AND METHODS

Materials—Heparin sodium salt from porcine
intestinal mucosa (molecular weight 18,000, ref.
H3149), N-acetyl-a-D-glucosamine (GlcNAc, ref. A8625),
b-D-glucuronic acid (GlcA, ref. G8645), N-acetyl-a-D-
glucosamine-6-O-sulphate (GlcNAc-6S, ref. A7661) and
N-sulpho-a-D-glucosamine (GlcNS, ref. G7889) were pur-
chased from Sigma-Aldrich (Saint Louis, MO, USA).
Heparin fragments with 2 [2-O-sulpho-b-L-iduronic acid
(IdoA-2S)-GlcNS-6S, ref. HD001], 6 (ref. HO06), 12 (ref.
HO12) and 18 (ref. HO18) monosaccharide residues were
purchased from Iduron (Manchester, UK). The iduronic
acid at the non-reducing end of the oligosaccharides has
a C4-C5 double bond as a result of the endolytic action of
bacterial heparinases.

Each component was dissolved and diluted in H2O at a
concentration of 100 mg/ml, divided in aliquots and the
stock solutions were kept at �208C. Each aliquot was
used only once after thawing.

Protein production and purification—The mAcP var-
iant used here has the mutation C21S, which avoids
the complexity arising from the presence of a free thiol
group (42). Protein expression and purification were
carried out as previously described (43). Briefly, the
protein was expressed from a pGEX-2T vector in
Escherichia coli cytoplasm as a protein fused to glu-
tathione S-transferase (GST), then purified by affinity
chromatography using a glutathione–agarose resin from
Sigma-Aldrich. The GST was removed by on-column
thrombin digestion and the resulting protein solution
buffer exchanged into 50 mM acetate buffer, pH 5.5,
using centrifugal filter devices from Millipore (Billerica,
MA, USA). Protein purification was assessed using
sodium dodecyl sulphate–polyacrylamide gel electrophor-
esis and electrospray ionization mass spectrometry.

mAcP aggregation—Aggregation of mAcP was
triggered as previously described (35). Briefly, the reac-
tion was started by mixing a solution containing the
native protein with another containing TFE. The final
conditions after dilution were 0.4 mg/ml mAcP (36 mM),
25% (v/v) TFE, 50 mM acetate buffer, pH 5.5, 258C.
When aggregation was performed in the presence of an
additive (heparin, HS, monosaccharide derivatives or
heparin fragments), a defined quantity of the additive
stock solution was added in the TFE-containing solution
before mixing with the protein-containing solution. In all
cases, the protein-containing solution was centrifuged
at 20,000g for 5 min before mixing and the protein
concentration was measured by UV absorption using an
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extinction coefficient value at 280 nm (e280) of
1.49 ml mg�1 cm�1.

ThT assay—At different incubation times after the
initiation of the aggregation reaction, aliquots of 60 ml
were mixed with 440ml of 10 mM phosphate buffer,
pH 6.0, containing 25 mM ThT (Sigma-Aldrich). The
steady state fluorescence of the resulting samples was
measured at 258C using a 2�10-mm path length cuvette
and a Perkin-Elmer LS-55 fluorimeter (Wellesley, MA,
USA) equipped with a thermostated cell compartment
attached to a Haake F8 water bath (Karlsruhe,
Germany). The excitation and emission wavelengths
were 440 and 485 nm, respectively. The dead time of
the experiment before the first point can be recorded
is �30 s.

All the fluorescent values were blank substracted.
When aggregation was performed in the presence of a
defined concentration of heparin, HS, monosaccharide
derivatives or heparin fragments, the same concentration
was added to the blank to exclude a direct effect of the
additive alone on ThT fluorescence. Plots of blank-
subtracted fluorescence values versus time were anal-
ysed with a procedure of best fit, using the following
single exponential function:

FðtÞ ¼ F1 � ðF1 � F0Þ � expð�kagg � tÞ ð1Þ

where F0, F(t) and F1 are the fluorescence intensities
at time 0, t and 1, respectively, kagg is the apparent
aggregation rate constant. F0, F1 and kagg were used
as floating parameters in the procedure of best fit.
Blank-subtracted fluorescence values were then normal-
ized using:

FnormðtÞ ¼ 100� ðFðtÞ � F0Þ=ðF1 � F0Þ ð2Þ

where Fnorm(t) is the normalized fluorescence intensity at
time t (ranging from 0 to 100%) and the F1 and F0

parameters have the same meaning as in Equation (1).

RESULTS

HS is the most abundant and ubiquitous GAG of the
body. The polysaccharide chain of HS contains alternat-
ing sulphated and non-sulphated domains, each contain-
ing 5–10 repeated disaccharide units (Fig. 1A). In the
non-sulphated domain, the most common disaccharide
unit is composed by GlcA bound to GlcNAc; whereas in
the sulphated domain, the most common disaccharide
unit is composed of IdoA-2S bound to N-sulpho-a-D-
glucosamine-6-O-sulphate (GlcNS-6S). Heparin is a
related highly sulphated form of HS, composed only of
sulphated domains, in which the IdoA-2S and GlcNS-6S
disaccharide unit is by far the most represented one
(Fig. 1A).

To assess whether the various negatively charged
groups present in the polysaccharide chain of heparin
and HS are able to accelerate mAcP aggregation when
dissected from the polymeric structure of the GAGs or
whether they need to be clustered in one polymer, four
different GAG-derived molecules were tested: GlcA,
GlcNAc, GlcNAc-6S and GlcNS (Fig. 1B). These mono-
saccharide derivatives recapitulate the different mono-
saccharides composing heparin and HS. Moreover, the

four monosaccharide derivatives have one carboxylate
group, no charge, one O-sulphated group and one
N-sulphated group, respectively, each located in the
chemical context of the heparin/HS chain. This allows
the various negative groups present on heparin and HS
to be investigated separately.

We first tested the effect of heparin and HS on the
kinetics of mAcP aggregation. mAcP was incubated at a
protein concentration of 36 mM (0.4 mg/ml), in 25% (v/v)
TFE, 50 mM acetate buffer, pH 5.5, 258C, with heparin
concentrations ranging from 0 to 0.28 mM (5mg/ml).
At regular time intervals, aliquots were withdrawn to
carry out the ThT fluorescence assay. In the absence of
heparin, the time course of ThT fluorescence follows
single exponential kinetics, with a rate constant kagg of
1.11 (�0.07)� 10�3 s�1, similar within experimental error
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Fig. 1. Primary structure of HS and heparin and
the monosaccharide derivatives used in this study.
(A) Domain organization of HS and heparin and structure of
the most represented disaccharide units present in HS and
heparin. (B) Structural formulas of the four monosaccharide
derivatives used in this study.
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to that obtained previously under identical conditions
(28, 35, 44). The addition of increasing concentrations
of heparin caused increases of the kagg value, of the
final intensity of ThT fluorescence and of the initial
ThT fluorescence intensity detected before the observed
exponential phase, in a concentration-dependent manner
(Fig. 2A and B; Table 1). It is noteworthy that heparin
is already efficient at very low concentrations, with a
1 : 600 molar ratio having a significant effect on protein
aggregation (0.06mM heparin for 36 mM mAcP). At the
highest heparin concentration tested (0.28 mM), the
increase in the ThT signal after 30 s was too high, and
the difference between the final and starting signal
was too small to follow the aggregation kinetics accu-
rately (Fig. 2A). The increase in the ThT fluorescence
was not due to a direct interaction between ThT and
heparin, as heparin alone had no effect on ThT
fluorescence.

The experiment was repeated under the same condi-
tions described above, in the absence of heparin and in
the presence of 0.56 mM HS (7.5 mg/ml). HS was found to
cause an increase of both the initial and final ThT fluor-
esce intensities without affecting the kagg value (Fig. 2C
and D; Table 1). The reason for this behaviour is dis-
cussed elsewhere (41).

mAcP was then allowed to aggregate in the presence of
different concentrations of GlcA, GlcNAc, GlcNAc-6S
and GlcNS. The effect of each monosaccharide derivative
was tested at four different concentrations, spanning
three orders of magnitude and ranging from 1.7mM to
1.7 mM. The lowest concentration of monosaccharide
derivative used (1.7 mM) corresponds to a molar concen-
tration of the related monosaccharide residue in a
heparin solution of 0.06 mM, i.e. the smallest concentra-
tion of heparin used in this study (Table 1, column 3).
The second lowest concentration of monosaccharide deri-
vative used (17 mM) corresponds to a molar concentration
of the related monosaccharide residue in a heparin
solution of 0.56 mM, which is beyond the range used in
our experiments. It corresponds to a molar concentration
of the related monosaccharide residue in a HS solution of
0.56 mM, which is that used in our experiments (Table 1,
column 3). The two other concentrations of monosacchar-
ide used, 170mM and 1.7 mM, correspond to molar
concentrations of the same monosaccharide residue in
heparin solutions of 5.6 and 56 mM, respectively. In a
previous work where mAcP aggregation was studied
using the same experimental conditions, equivalent con-
centrations of heparin were found to accelerate signifi-
cantly the aggregation process (28). Importantly, the
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Fig. 2. Time courses of mAcP aggregation in the presence
and absence of heparin (A and B) and HS (C and D). Kinetic
traces were obtained at the following heparin and HS concentra-
tions: empty circles, no added heparin or HS; closed circles,

1 mg/ml (0.06 mM) heparin; triangles, 2 mg/ml (0.11mM) heparin;
diamonds, 3 mg/ml (0.17 mM) heparin; crosses, 5 mg/ml (0.28mM)
heparin; inverted triangles, 7.5 mg/ml (0.56mM) HS.
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highest concentration of monosaccharide derivative used
exceeds by two orders of magnitude the equivalent con-
centration of the same monosaccharide type at the high-
est concentrations of heparin and HS used here (Table 1,
column 3).

None of monosaccharide derivatives had any effect on
mAcP aggregation, at any of the concentrations tested
(Figs 3 and 6; Table 1). Neither the kagg value nor the
initial or final intensities of ThT fluorescence appeared to
be significantly affected by the presence of these deriva-
tives (Figs 3 and 6; Table 1). The kagg values of mAcP
aggregation in the presence of monosaccharide deriva-
tives were equal or even lower than in their absence,
as noticed for GlcNAc at high concentrations (Fig. 6;
Table 1). The intensities of ThT fluorescence were
unchanged, both after 30 s and at the apparent plateau
(Table 1).

To test whether the effect of heparin on mAcP aggre-
gation was due to a synergic effect between different
monosaccharide derivatives that were individually
inactive, mAcP was allowed to aggregate in the presence
of a mixture of monosaccharide derivatives. This mix-
ture contained GlcNAc, GlcNAc-6S and GlcNS in the

proportions 1 : 2 : 1, for a total monosaccharide concentra-
tion of 170 mM. The respective concentrations used
for the different monosaccharide derivatives mimic the
number and types (N- or O-sulphatation) of sulphate
moieties present on a standard disaccharide unit of
heparin. The total monosaccharide concentration corre-
sponds to one of the highest monosaccharide concentra-
tions used in the experiments described above in which
the derivatives were tested separately, and is one order
of magnitude higher than the monosaccharide concentra-
tion present in the most concentrated heparin solution
used here. The results show that the mixture of mono-
saccharide derivatives has absolutely no effect on mAcP
aggregation kinetics (Figs 4 and 6; Table 1). Overall,
these results imply that the various monosaccharide
derivatives, and the various negatively charged moieties
present on them, accelerate mAcP aggregation and
change the ThT fluorescence intensities at the beginning
and at the end of the observed exponential phase
only when they are clustered on the same macromole-
cule. Hence, the aggregation-inducing capacities of
heparin and HS arise from their polymeric nature (see
Discussion below).

Table 1. Measured parameters of mAcP aggregation.a

Additive Concentration
(mM)

Concentration of
monosaccharide (mM)

Concentration
of SO3

� (mM)
kagg (10�3 s�1)b Initial ThT

fluorescence (AU)c
Final ThT

fluorescence (AU)c

None 1.11� 0.07 0�0 32� 1
Heparind 0.06 3.4 5 2.0� 0.2 4�1 37� 1

0.11 6.6 10 2.4� 0.2 9�1 38� 1
0.17 10.0 15 3.7� 0.3 13�1 42� 2
0.28 16.6 25 ND 42�2 53� 1

HSd 0.56 34.6 26 1.11� 0.07 23�1 48� 1
GlcA 1.7 1.7 0 1.20� 0.02 0�0 35� 3

17 17 0 1.1� 0.1 0�0 36� 2
170 170 0 1.21� 0.06 1�1 34� 3

1700 1700 0 1.45� 0.01 0�0 36� 1
GlcNAc 1.7 1.7 0 1.1� 0.2 0�0 38� 1

17 17 0 0.9� 0.2 1�1 37� 2
170 170 0 0.88� 0.07 1�1 38� 1

1700 1700 0 0.8� 0.2 0�0 35� 3
GlcNAc-6S 1.7 1.7 1.7 1.23� 0.03 1�1 36� 2

17 17 17 0.92� 0.09 0�0 36� 2
170 170 170 0.9� 0.1 0�0 35� 2

1700 1700 1700 1.1� 0.2 0�0 33� 1
GlcNS 1.7 1.7 1.7 0.9� 0.1 1�1 35� 1

17 17 17 1.2� 0.1 0�0 35� 1
170 170 170 1.44� 0.08 0�0 32� 1

1700 1700 1700 0.90� 0.05 0�0 36� 2
Mixturee 170 170 127 1.2� 0.3 2�1 31� 1
2-merf 5.0 10.0 15 1.22� 0.09 3�1.5 46� 2.2
6-merf 1.67 10.0 15 1.49� 0.02 29�0.4 51� 5.2
12-merf 0.83 10.0 15 1.26� 0.02 24�1.4 50� 2.4
18-merf 0.56 10.0 15 0.99� 0.05 14�3.7 38.3� 0.7

aAggregation was studied at a protein concentration of 36 mM, in 25% (v/v) TFE, 50mM acetate buffer, pH 5.5, 258C. bkagg, rate constant of
aggregation, obtained by analysing the ThT fluorescence time course using a procedure of best fitting and a single exponential function
[Equation (1)]. For the aggregation of mAcP in the absence of any additive, the indicated mean and associated SE values follow 23 independent
experiments, 14 of them having been published previously (28, 35, 44). In the other cases, each entry gives the mean and associated SE values of
two to six independent experiments. cThT fluorescence intensity at 485 nm (excitation at 440 nm). Experimental errors correspond to SEs.
dHeparin and HS lengths of 60 monosaccharide residues were used in our experiments. eThe exact composition of the mixture was 42.5 mM
GlcNAc, 42.5mM GlcNS and 85 mM GlcNAc-6S. fHeparin fragments containing 2 (2-mer), 6 (6-mer), 12 (12-mer) and 18 (18-mer) mono-
saccharide residues.
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To test the minimal lengths of the heparin and
HS chains necessary to produce their effects on mAcP
amyloid aggregation, we have monitored the time
course of mAcP aggregation in the presence of heparin

fragments of various lengths. These include compounds
with 2, 6, 12 and 18 monosaccharide units and are called
2-, 6-, 12- and 18-mer, respectively. They all contain
alternating IdoA-2S and GlcNS-6S residues, similarly to
heparin (e.g. the 2-mer contains one IdoA-2S and one
GlcNS-6S residue). In these experiments, mAcP was
incubated under the same conditions described above,
in the presence of either 5.0mM 2-mer, 1.67 mM 6-mer,
0.83 mM 12-mer or 0.56 mM 18-mer, to achieve in all
cases a total monosaccharide concentration of 10.0mM.
The 2-mer did not have any effect on the kagg value
and on the initial ThT fluorescence intensity, causing
just a small increase of the final ThT fluorescence
(Figs 5 and 6; Table 1). The 6-, 12- and 18-mer induced
increases of both the initial and final ThT fluorescence
intensities, without affecting the kagg value (Figs 5 and 6;
Table 1). These data indicate that while a length of two
monosaccharide residues is insufficient to cause any
change in the aggregation time courses, longer heparin
fragments with 6, 12 and 18 units can reproduce the
effects of HS. Both HS and heparin fragments can
indeed increase the initial and final ThT fluorescence
intensity without affecting the rate of the exponential
change observed after the initial ThT fluorescence jump
(compare Fig. 2C and 5A). This is consistent with the
notion that the HS chain contains alternating sulphated
and non-sulphated domains, where each sulphated
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Fig. 3. Time courses of mAcP aggregation in the presence
and absence of monosaccharide derivatives. (A) GlcA;
(B) GlcNAc; (C) GlcNAc-6S; and (D) GlcNS. Each panel
reports mAcP aggregation without monosaccharide derivative

(empty circles), with 1.7 mM (closed circles), 17mM (triangles),
170mM (diamonds) and 1700 mM (inverted triangles) monosac-
charide derivative.
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Fig. 4. Time courses of mAcP aggregation in the presence
and absence of a mixture of monosaccharide derivatives.
Traces of mAcP aggregation without monosaccharide derivative
(empty circles), and with a mixture of GlcNAc (42.5 mM), GlcNS
(42.5mM) and GlcNAc-6S (85mM) (closed circles) are reported.
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stretch has a length of about 5–10 monosaccharide resi-
dues each (see Discussion below). However, even heparin
fragments with 18 monosaccharide units cannot repro-
duce the effect of whole-length heparin on the rate
constant of mAcP aggregation.

DISCUSSION

The aim of this work was to evaluate whether the
various sulphate moieties present on heparin and HS
can promote mAcP aggregation either when they are
freely circulating in solution, but still in the chemical
context of the constituent monosaccharides, or only
through a synergistic mechanism when they are clus-
tered on the polymeric structure of the GAG. The results
strongly indicate that none of the negative moieties
present on heparin and HS can affect amyloid formation
by mAcP when present free in solution. Heparin had a
complex effect on mAcP aggregation, increasing (i) the
rate constant of aggregation, kagg, (ii) the final ThT fluor-
escence emission and (iii) the initial ThT fluorescence,
all phenomena being concentration dependent. HS also
caused an increase of the initial and final ThT

fluorescence, without affecting the rate constant of aggre-
gation. The four monosaccharide derivatives had no
effect on either factor, even at molar concentrations of
1.7 mM, which is �100-fold higher than the equivalent
concentration of constituent monosaccharide in the
heparin macromolecule at the highest heparin concentra-
tion used. The absence of any effect persists when the
monosaccharide derivatives are mixed to reconstitute the
composition of O- and N-sulphate groups present on
the heparin disaccharide unit.

When short fragments of heparin were used, we could
not detect any effect for the 2-mer (i.e. the heparin con-
stituent disaccharide), but we found that the 6-, 12- and
18-mer could reproduce the effect of HS, causing an
increase of both the initial and final ThT fluorescence
at the extremes of the observed exponential phase.
Since the HS polymer is composed of highly sulphated
stretches of 5–10 monosaccharide units alternated by
non-sulphated segments, with the former being similar
in structure and sulphate composition to heparin, the
heparin fragments containing 6, 12 and 18 units can
have an effect similar to HS where such stretches are
in isolation. Neither HS, nor the heparin fragments
could induce an increase of the rate of the observed expo-
nential phase, indicating that in this case the long,
highly polymeric structure of heparin is a required
factor. This analysis allows limits to be fixed for both
effects: a length between two and six sulphated monosac-
charide residues is required to cause the final and initial
increases of the ThT fluorescence, whereas a length
exceeding 18 monosaccharide residues is required to
have an acceleration of the observed exponential phase.

Fraser et al. (45) previously reported qualitative differ-
ences on the effects of full-length GAGs and some of
its saccharide derivatives on fibril formation. However,
the authors used only unique concentrations of protein
and GAG, and studied parameters difficult to interpret
like the extent of lateral aggregation (45). Suk et al. (20)
reported a molecular weight-dependent accelerating
effect on the aggregation of the 173–243 fragment of
D187N gelsolin when using different heparin oligosac-
charides, ranging from a 4-mer to 5 kDa heparin
fragments.

The observed effect of heparin and HS on the initial
and final fluorescence intensity of the ThT probe could
have different grounds. The increase in the ThT fluores-
cence intensity at plateau can be attributed to neither a
higher quantity of fibrils formed as most of the mAcP
molecules aggregate even in the absence of GAGs (28),
nor to significant differences in the fibril morphology,
since mAcP fibrils formed in the absence and presence
of heparin have similar characteristics in electron micro-
scopy and circular dichroism (28). Therefore, the higher
ThT fluorescence values observed in the presence of
heparin are likely to arise from a higher degree of rigid-
ity within the aggregates (46, 47). The higher ThT signal
observed at the beginning of the observed exponential
phase in the presence of heparin or HS is likely to
arise from the presence of ThT-positive aggregates
already present after 30 s. These phenomena are
described elsewhere (41).

The effect of a specific GAG on the aggregation
kinetics could be influenced by the concentrations of
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Fig. 5. Time courses of mAcP aggregation in the presence
of heparin fragments. Empty circles, no additive; filled circles,
5.0 mM 2-mer; diamonds, 1.67mM 6-mer; triangles, 0.83 mM
12-mer; and squares, 0.56mM 18-mer. Such concentrations
correspond to 10mM monosaccharide for all fragments tested.
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both protein and GAG (28, 31, Monsellier, E. et al.,
unpublished data), or by the sulphation state of the
GAG (14, 20, 29). We tested for each monosaccharide
four different concentrations, within a range spanning
three orders of magnitude (from 1.7mM to 1.7 mM).
Importantly, this range includes the equivalent concen-
trations of the constituent monosaccharides (Table 1,
column 3) and of sulphate moieties (Table 1, column 4)
under conditions in which heparin and HS effectively
influence mAcP aggregation. Thus, the differential
effects of heparin/HS and monosaccharide derivatives
on the aggregation kinetics of mAcP do not originate
from different sulphation states or different concentra-
tions of the molecular species. These differential effects
could also arise from a synergic cooperation between the
different sulphate moieties present on heparin and HS,
for example, between the N- and O-sulphates. However,
a mixture of GlcNAc, GlcNAc-6S and GlcNS, in propor-
tions that mimic the N- and O-sulphation composition of
a heparin or HS disaccharide, had no effect on the aggre-
gation kinetics of mAcP. Therefore, the differential
effects of heparin/HS and monosaccharide derivatives
on mAcP aggregation probably originate from their dif-
ferent chemical nature, which is polymeric in the former
and monomeric in the latter. The observation that
heparin fragments having a length comparable with
that of the sulphated stretches in HS can reproduce the

effect of HS but not of high molecular weight heparin
further confirms that the effect of heparin and HS on
mAcP aggregation is due to the polymeric nature of
these GAGs.

In the sulphated domains of HS and in heparin, mono-
saccharide residues are aligned into a linear polymer,
in which the sulphate moieties are regularly distributed
along a constant pattern (Fig. 1A) (48). In contrast, in
the two sulphate-containing monosaccharide derivatives
used in this study, the various sulphate groups are freely
circulating in solution, implying that they are not clus-
tered together in one restricted region of space and do
not have a regular distribution. Considering that the
effect of GAGs on protein aggregation is primarily
mediated by sulphate groups (14, 20, 29, Monsellier, E.
et al., unpublished data), it is likely that the regular
arrangement and high density of the sulphate moieties
along the polymer are responsible for the heparin/HS-
induced effects on mAcP aggregation. Very interestingly,
a similar conclusion has been drawn for the ‘protein side’
of the equation. In fact, Dobson and colleagues (28)
observed that the interaction between heparin and fibril-
lar mAcP was stronger than the interaction between
heparin and the native form of the protein. It was thus
suggested that a higher density of positive charges in the
fibrillar form of the protein accounts for the higher affi-
nity for heparin (28).

0

0.5

1

1.5

2

2.5

3

3.5

4

3.
4

6.
6 10

34
.6 1.
7 17 17
0

17
00 1.
7 17 17
0

17
00 1.
7 17 17
0

17
00 1.
7 17 17
0

17
00 17
0 10 10 10 10

GlcA GlcNAc GlcNAc-6S GlcNSheparin Mix
Heparin

fragmentsHS

no
 a

dd
iti

ve

18
m

er
12

m
er

6m
er

2m
er

k ag
g (

10
-3

 s
-1

)

Fig. 6. Effect of heparin, HS, monosaccharide derivatives
and heparin fragments on the rate constant of mAcP
aggregation (kagg). The numbers below the bars indicate
the equivalent monosaccharide concentrations used in the
experiments. The three monosaccharide concentrations indi-
cated here for heparin correspond to heparin concentrations
of 1 mg/ml (0.06mM), 2 mg/ml (0.11 mM) and 3 mg/ml (0.17 mM),
respectively. The exact composition of the mixture was the

following: 42.5 mM GlcNAc, 42.5 mM GlcNS and 85mM GlcNAc-
6S. The four monosaccharide concentrations indicated here
for heparin fragments correspond to concentrations of 5.0 mM
(2-mer), 1.67 mM (6-mer), 0.83 mM (12-mer) and 0.56 mM (18-mer)
heparin fragment. Values on the y-axis correspond to the mean
and associated SE of kagg reported in Table 1. The two horizontal
lines indicate the mean value of kagg in the absence of any
additive� 1 SE.
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CONCLUSIONS

Overall, the data presented here indicate that negative
charges present in heparin and HS promote mAcP aggre-
gation only when they are clustered and regularly dis-
tributed on the polymeric structure of these GAGs.
A possible mechanism describing the aggregation-
promoting effect of heparin that accounts for our and
previously published results is described in Fig. 7. The
unstructured monomer of mAcP binds to the heparin
molecule through ionic interactions between the positive
charges of the protein and the negatively charged sul-
phate moieties of the GAG. The regular distribution
and high density of sulphate groups along the heparin
molecule allows a similar orientation of the sulphate-
bound protein molecules. This could have two important
consequences, both resulting in facilitated aggregation:
an increase of the local concentration of the protein mole-
cules and an induced orientation of the various protein
molecules. The latter is per se aggregation inducing
as fibrils tend to have a regular structure in which the
various protein molecules form in-register parallel
b-strands (2). Once formed, the fibrils remain associated
with the heparin molecule. Strikingly, a similar mecha-
nism has been proposed for the acceleration of the
copper–zinc superoxide dismutase aggregation by DNA
(49). Therefore, this template-based acceleration of pro-
tein aggregation could possibly be a general characteris-
tic of negatively charged biological polymers.
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