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A number of human diseases are associated with the con-
version of proteins from their native state into well defined
fibrillar aggregates, depositing in the extracellular space and
generally termed amyloid fibrils. Heparan sulfate (HS), a gly-
cosaminoglycan normally present in the extracellular matrix,
has been found to be universally associated with amyloid
deposits and to promote amyloid fibril formation by all studied
protein systems. We have studied the impact of HS on the amy-
loidogenesis of human muscle acylphosphatase, monitoring
the process with an array of techniques, such as normal and
stopped-flow far-UV circular dichroism, thioflavin T fluores-
cence, static and dynamic light scattering, and atomic force
microscopy. The results show that HS accelerates the conver-
sion of the studied protein from the native state into the amyloi-
dogenic, yet monomeric, partially folded state. They also indi-
cate that HS does not simply accelerate the conversion of the
resulting partially folded state into amyloid species but splits the
process into two distinct pathways occurring in parallel: a very
fast phase in which HS interacts with a fraction of protein mol-
ecules, causing their rapid aggregation into ThT-positive and
B-sheet containing oligomers, and a slow phase resulting from
the normal aggregation of partially folded molecules that cannot
interact with HS. The HS-mediated aggregation pathway is sev-
eralfold faster than that observed in the absence of HS. Two
aggregation phases are generally observed when proteins aggre-
gate in the presence of HS, underlying the importance of a
detailed kinetic analysis to fully understand the effect of this
glycosaminoglycan on amyloidogenesis.

Deposition of proteins in the form of extracellular amyloid
fibrils is a consistent mechanism underlying a group of diverse
human diseases, including neurodegenerative disorders and
non-neuropathic conditions (1). From a pathogenetic stand-
point, these disorders differ by type of aggregated protein and
by type of organs involved in amyloid deposition. Among the
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most prominent neurodegenerative conditions are Alzheimer
and Creuzfeldt Jakob diseases, which affect the central nervous
system via extracellular deposits. Examples of non-neuropathic
systemic amyloidosis are light chain amyloidosis and type II
diabetes, where deposits are found in joints, skeletal tissue, and
several organs (e.g. heart and kidney). Each of these disorders
can be traced back to the aberrant conversion of one specific
protein or peptide from its soluble, native state into amyloid
structures (1). Numerous biochemical and genetic studies have
established a widely accepted causative link between patholog-
ical symptoms and amyloid structure formation and deposition
(2).

Amyloid fibrils are often localized in close proximity to base-
ment membranes, a specialized component of the extracellular
matrix that is mainly built of collagens and glycosaminoglycans
(GAGs),? often attached to a protein core to form the proteo-
glycans (3—5). GAGs are long unbranched polysaccharides that
often occur, with the exception of hyaluronic acid existing in a
free form, as O- or N-linked side chains of proteoglycans, where
they regulate the activity of several proteins. Since they have
been found physically associated with all types of amyloid
deposits in vivo so far analyzed, they have been attributed fun-
damental relevance in amyloidogenesis (3, 4). Of the different
types of natural GAGs, heparan sulfate (HS) is among the most
important cofactors in amyloid deposits. First, it has been
established as a universal component of amyloid, since it has
been found to be associated with amyloid deposits of different
proteins, including the serum amyloid A protein (6), the immu-
noglobin light chain (7), transthyretin (8), cystatin C (9), the
amyloid B peptide (10), the islet amyloid polypeptide (11), and
the prion protein (PrP) (12). More importantly, it has been
attributed an active role in amyloidogenesis. Its ability to pro-
mote fibrillogenesis has been reported for both the 42- and
40-residue forms of the amyloid B peptide (13, 14), mature islet
amyloid polypeptide and proislet amyloid polypeptide 1-48
(15), a-synuclein (16), the 173—243 fragment of D187N gelsolin
(17), B2-microgloblulin (18), and the tau protein (19). HS has
also been found to shift the secondary structure of a subtype of
serum amyloid A protein from a random coil to a 3-sheet, pre-

3 The abbreviations used are: GAG, glycosaminoglycan; AFM, atomic force
microscopy; DLS, dynamic light scattering; HS, heparan sulfate; mAcP,
human muscle acylphosphatase; PrP, prion protein; TFE, trifluoroethanol;
ThT, thioflavin T.

JOURNAL OF BIOLOGICAL CHEMISTRY 29921



Impact of Heparan Sulfate on Amyloid Aggregation

sumably aggregated, structure (20, 21) and to convert the prion
protein from the PrP to the PrP*“ form (22).

Despite the large body of data supporting the importance of
HS in amyloidogenesis, little is known about the precise mech-
anism by which HS promotes amyloid formation and the effect
that this GAG has on the various phases of the aggregation
process and on the overall aggregation pathway. In the current
work, human muscle acylphosphatase (mAcP) is utilized to
study the impact of HS on amyloid aggregation, with particular
attention to the various kinetic phases observed in the presence
of this GAG. mAcP represents an enzyme unrelated to any
human disease but a particularly suitable model for amyloid
aggregation studies for a number of reasons. First, it is small in
size (98 residues) and lacks disulfide bridges, trans-peptidyl-
prolyl bonds, non-proteinaceous cofactors, and other complex-
ities (23, 24). Second, it can form in the presence of 25% (v/v)
trifluoroethanol (TFE) amyloid-like fibrils with extensive
B-sheet structure and Congo Red birefringence (25). Third, its
aggregation process has been studied using a variety of experi-
mental approaches (25-33) and has been shown to be dramat-
ically influenced by heparin, the highly sulfated form of HS (34).

In the presence of 25% (v/v) TFE, mAcP has been shown to
unfold rapidly into a denatured state enriched with a-helical
structure (25). This partially unfolded state assembles to form,
on a time scale of 1-2 h, amyloid-like protofibrils that develop
very slowly to form, after a period of several days, long amyloid
protofilaments that then associate further to form higher order
structures (35). Even the early, protofibrillar aggregates that
form within 1-2 h have the ability to bind Congo Red and thio-
flavin T (ThT) and have an extensive -sheet structure, as
detected with far-UV CD and Fourier transform infrared spec-
troscopy (25). This indicates that these protofibrillar structures
have the essential structural characteristics of amyloid. The
unfolding of the native state into a partially unfolded state is
required to initiate aggregation, as shown by the need to use
denaturing conditions to start aggregation (27, 35), by the find-
ing that mutations destabilizing the native state promote aggre-
gation (26), and by the observation that ligands binding to and
stabilizing the native state have the opposite effect (29). Impor-
tantly, the TFE-denatured state of mAcP, which is the most
commonly used to trigger aggregation of this protein and will
also be used here, is not the only aggregation-competent state
of mAcP, since other denatured states of mAcP have been
shown to be capable of amyloid fibril formation (27).

The present study aims at investigating the mechanism
through which HS influences mAcP aggregation into amyloid-
like aggregates. We will investigate both the unfolding and
aggregation phases of mAcP in the presence of HS and will
monitor them using a variety of biophysical methods. We will
show that HS accelerates unfolding in addition to promoting
aggregation of the resulting TFE-denatured state, thus play-
ing a double-faced role in the context of its proaggregating
effect. We will also show that HS is responsible for the
appearance of parallel phases in the aggregation process of
this protein and that its effect is not limited to a simple
acceleration of the overall process. Following these findings,
we will emphasize that a full understanding of the newly
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generated kinetics is essential for a correct interpretation of
the effects of HS on amyloid formation.

EXPERIMENTAL PROCEDURES

Materials—HS (M, 12,000-14,000) was purchased from
Sigma (H7640). Stock solutions were prepared by dissolving an
entire vial in H,O and dividing into 1 mg/ml aliquots that were
stored at —20 °C. Each aliquot was discarded after use. ThT
(T3516) and TFE (T6,300-2) were purchased from Sigma.
mAcP was purified as described previously (36). The mAcP
variant utilized here features the mutation C21S, which avoids
complexity arising from the presence of free thiol groups (37).

mAcP Aggregation—In all experiments, aggregation of mAcP
was initiated as previously described (38). Briefly, a mixture was
prepared containing 36 um mAcP, 25% (v/v) TFE, 50 mm ace-
tate buffer, pH 5.5, at 25 °C. Desired amounts of HS were added
to the aggregation mixture, either initially or 10 s after the start
of aggregation, to yield final HS concentrations between 0 and
10 pg/ml. In stopped-flow CD experiments, mAcP concentra-
tion varied between 9 and 60 uM. Beforehand, protein solutions
were centrifuged at 20,000 X g for 2 min, and protein concen-
trations were determined by UV absorption using an extinction
coefficient (€,4,) of 1.49 ml mg™' cm™".

Far-UV Circular Dichroism—Far-UV circular dichroism
experiments were carried out using a Jasco J-810 spectropola-
rimeter (Tokyo, Japan) equipped with a thermostated cell
holder attached to a Thermo Haake C25P water bath
(Karlsruhe, Germany). Measurements were acquired in the
range 200-250 nm using a 1.0-mm path quartz cuvette at a
temperature of 25 °C. Each spectrum was recorded as the aver-
age of several scans and was blank-subtracted. Plots of mean
residue ellipticity at 215 nm ([0] 15 ) Versus time (t) were ana-
lyzed with a procedure of best fit, using the single exponential
function,

(01215 nm(t) = [0]215nm (%) + Ay X exp(—kagq 1)

where [6],;5 () is the [6],;5 ., Value at the apparent equi-
librium, and A, and &, are the amplitude and rate constant of
the observed exponential change, respectively.

Stopped-flow Far-UV Circular Dichroism—For unfolding
experiments, a solution containing mAcP was mixed with 4
volumes of another solution containing 31.25% (v/v) TFE, ace-
tate buffer, pH 5.5, and 0-12.5 pug/ml HS, where appropriate.
Final conditions after mixing were 9—60 uM mAcP, 25% (v/v)
TFE, 50 mm acetate buffer, pH 5.5, and 0-10 ug/ml HS. For
refolding experiments, mAcP was first denatured at a concen-
tration of 180 uM in 6 M urea at 25 °C for 1 h. This solution was
then mixed with 4 volumes of acetate buffer, pH 5.5 and 0-12.5
pg/ml HS, where appropriate. Final conditions after mixing
were 36 uM mAcP, 1.2 M urea, 50 mm acetate buffer, pH 5.5, and
0-10 pg/ml HS. A stopped-flow device from Bio-logic (Claix,
France) was used for mixing and was coupled to the same
far-UV circular dichroism equipment described above. Dead
time of the experiment is estimated to be 16 ms. Experiments
were carried out at 25 °C.

Plots of mean residue ellipticity ([0]) versus time () were
analyzed with a procedure of best fit, using the single exponen-
tial function,

(Eq.1)
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[6](t) = [0]() + Ay X exp(—kyt) (Eq.2)

or the double exponential function,
[6](t) = [0]() + Ay X exp(—kyt) + A, X exp(—k,t)
(Eq.3)

where [0](e0) is the [0] value at the apparent equilibrium; A,,
and k,, are the amplitude and rate constant of the observed
exponential change, respectively; and A, and k, are the ampli-
tude and rate constant of the second exponential change (when
present), respectively. [0](), A;, A,, k;, and k, were used as
floating parameters in the procedure of best fit.

ThT Binding Assay—Aliquots of the mAcP sample undergo-
ing aggregation (60 ul) were withdrawn at regular time inter-
vals and mixed with 440 ul of 10 mm phosphate buffer, pH 6.0,
containing 25 uMm ThT, 25 °C. The steady-state fluorescence of
the resulting samples was measured at 25 °“C usinga 2 X 10-mm
path length cuvette and a PerkinElmer Life Sciences LS-55 flu-
orimeter 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 estimated at 30 s.

Plots of blank-subtracted fluorescence values versus time
were analyzed with a procedure of best fit, using the following
single exponential function.

F(t) = F() — A; X exp(—kugqg X 1) (Eq.4)

F(t) and F(0) are the fluorescence intensities at time ¢ and oo,
respectively, A, is the amplitude of the observed slow phase,
and k,g, is its apparent rate constant. F(«), A,, and k,,, were
used as floating parameters in the procedure of best fit. The
amplitude of the first fast phase (4,) observed in the presence of
HS, was calculated using the following,

Ay = F(e) — A, (Eq.5)
where F(e0) and A, have the same meaning as in Equation 4. In
another experiment, the sample undergoing aggregation and
containing 7.5 ug/ml HS was filtered through a Millex-GV filter
unit (SLGVRO4NL) from Millipore (Bedford, MA) after 1 min
of aggregation and then analyzed similarly.

Static Light Scattering—The static light scattering intensity
of the mAcP sample undergoing aggregation was measured at
regular time intervals at 25 °C using a Jasco V-630 spectropho-
tometer (Tokyo, Japan), equipped with a Thermo Haake C25P
water bath (Karlsruhe, Germany) and a low volume 12.5 X
4.5-mm disposable cuvette. The apparent optical absorption at
400 nm was taken as a measure of scattered light. The light
scattered at 75 s, after completion of the first phase and before
the second phase has occurred to a significant extent, was taken
as an approximate measure of the first phase amplitude. The
difference of the light scattering signals at 8000 s, after the com-
pletion of the second phase, and at 75 s was taken as an approx-
imate measure of the second phase amplitude.

Dynamic Light Scattering (DLS)—Size distributions were
acquired, at regular time intervals, for the mAcP sample under-
going aggregation and containing 7.5 ug/ml HS. Size distribu-
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tions were also acquired for free HS at concentrations of 7.5 and
400 pg/ml in 50 mMm acetate buffer, pH 5.5, for 36 uMm native
mAcP in 50 mM acetate buffer, pH 5.5, and for 72 um TFE-
denatured mAcP in 70% (v/v) TFE, 50 mM acetate buffer, pH 5.5
(all at 25 °C). Size distributions were acquired using a Zetasizer
Nano S DLS device from Malvern Instruments (Malvern,
Worcestershire, UK). Low volume 12.5 X 4.5-mm disposable
cuvettes were used. A Peltier thermostating system maintained
the temperature at 25 °C. For each solution, the viscosity was
determined using a V90000 falling ball viscosimeter from Fun-
gilab (Barcelona, Spain), and the refractive index was deter-
mined using a 2WAJ ABBE bench refractometer from Optika
Microscopes (Bergamo, Italy). The buffer and stock protein
solutions were centrifuged (20,000 X g, 5 min) and filtered with
0.02-pum Anotop 10 filters (Whatman, Maidstone, UK) before
the measurements.

Atomic Force Microscopy (AFM)—Aliquots of the mAcP
sample undergoing aggregation were extracted at fixed times
and diluted 100 times with Milli-Q water; in each case, a 10-ul
aliquot of the diluted sample was immediately deposited on
freshly cleaved mica and dried under a vacuum. AFM measure-
ments were performed with a Dimension 3100 scanning probe
microscope (Digital Instruments Veeco, Santa Barbara, CA)
equipped with a G scanning head (maximum scan size 100 pm)
and controlled by a Nanoscope Illa controller. AFM images
were acquired in tapping mode in air; single beam uncoated
silicon cantilevers (type OMCL-AC160TS, Olympus, Japan)
were used. The drive frequency was around 300 kHz; the scan
rate was between 0.5 and 2.0 Hz. Images were collected with
512 data points/line.

Aggregate sizes were measured from the height in cross sec-
tion of the topographic AFM images; the measured heights
were multiplied by a factor of 2.2, to correct for dehydration
effects. The correction factor was evaluated comparing the
heights of a globular protein (native HypF-N) under liquid and
in air after drying under vacuum.

RESULTS

HS Accelerates the Initial Conformational Change of Native
mAcP—Aggregation of mAcP was induced by incubating the
protein, at a concentration of 36 um, in 25% (v/v) TFE, 50 mm
acetate buffer, pH 5.5, at 25 °C. Under these conditions, the
protein rapidly converts from its native structure into a non-
native TFE-denatured state enriched with «-helical struc-
ture, which subsequently aggregates (35, 39). In order to
monitor this early event, a stopped-flow device coupled to a
CD detection system was used. In this experiment, a solution
containing the native protein in the absence of TFE was
mixed with another solution containing TFE. The final con-
ditions after mixing are those reported above (36 um mAcP,
25% (v/v) TFE, 50 mM acetate buffer, pH 5.5, 25 °C). The
mean residue ellipticity at 216 nm ([6],,,) undergoes a rapid
exponential decrease toward a more negative value (Fig. 14).
Such a decrease is expected, since the TFE-denatured state
possesses a more negative value of mean residue ellipticity at
this wavelength than the native state (39). The rate constant
value of such an exponential decrease (k;;), obtained using a
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FIGURE 1. A, conformational change occurring for mAcP under aggregating conditions within the first 60 s, monitored by stopped-flow CD at 216 nm. mAcP
was incubated at a concentration of 36 um in 25% TFE (v/v), 50 mm acetate buffer, pH 5.5, at 25 °C. B and C, the same experiment as in A, carried out at
concentrations of mAcP of 9 um (blue), 18 um (red), 36 um (green), and 60 um (black). C, the kinetic traces reported in B were normalized as fraction of folded
protein.In A-C, the solid lines through the data points result from a procedure of best fit using a single exponential function (Equation 2). D, lack of dependence
of the rate constant (k) for the observed exponential decrease of [6],,5 on mAcP concentration. Error bars, 10% of reported values, represent variations that are

typically observed.

procedure of best fit and a single exponential function
(Equation 2), was estimated to be 0.57 + 0.01 s .

To assess whether the observed exponential change of [6],,¢
is attributable to an unfolding event (i.e. to a conformational
change involving monomeric mAcP) or rather to an early
aggregation event, the experiment was repeated at different
protein concentrations, ranging from 9 to 60 um. The resulting
kinetic traces, normalized to [6],,, are superimposable and
exhibit similar values of k;; as well as similar values of initial and
final [6],,, (Fig. 1, B-D). This indicates that the observed
change of [6],, can be attributed to a conformational change of
the monomer rather than to an early event of aggregation,
which by contrast would be expected to have a marked depend-
ence on protein concentration. Moreover, the k,; value deter-
mined from such an exponential decrease is similar to that of
mAcP unfolding previously determined under similar condi-
tions (29) and much more rapid than that of aggregation in
these conditions (35).
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The experiment was then repeated, under identical condi-
tions, in the presence of various concentrations of HS ranging
from 0 to 10 pg/ml (Fig. 2A). The observed exponential
decrease of [0],;, becomes more rapid as the concentration of
HS increases. The k;, value obtained from such an analysis fea-
tures a marked dependence on HS concentration (Fig. 2B). The
addition of HS causes an increase of the k,, value of ~2-fold. A
marked dependence was found particularly between 0 and 5
pg/ml with no further changes occurring upon further increase
of HS concentration (Fig. 2B).

We also monitored the effect of HS on the refolding rate of
mACcP. This was achieved by diluting the protein denatured in 6
M urea into a buffer containing no denaturant. Final conditions
after mixing were 36 um mAcP, 1.2 M urea, 50 mMm acetate
buffer, pH 5.5, 25 °C. In order to perform these experiments, it
was necessary to apply solution conditions different from those
used to study unfolding, since in 25% (v/v) TFE, the native pro-
tein is unstable, and refolding cannot be monitored. The choice
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FIGURE 2. A, conformational change occurring for mAcP under aggregating conditions within the first 10 s at varying concentrations of HS, monitored by
stopped-flow CD. mAcP was incubated at a concentration of 36 umin 25% TFE (v/v), 50 mm acetate buffer, pH 5.5, at 25 °C with 0-10 pg/ml HS. B, dependence
of k, on HS concentration. The solid line through the data points represents the observed trend. C, refolding of mAcP after unfolding in 6 m urea at varying
concentrations of HS, monitored by stopped-flow CD. Final conditions were 36 um mAcP, 1.2 M urea, 50 mm acetate buffer, pH 5.5, at 25 °C with 0-10 wg/ml HS.
D, minor dependence of k. on HS concentration. The solid line through the data points represents the observed trend. In Band D, error bars represent S.E. of 7%,

which are routinely observed during such experiments.

of the urea-denatured state as the initial state, as opposed to the
TFE-denatured state, is not an issue, since refolding is well
known to be independent of the initial unfolding conditions.
Refolding of the protein from the urea-denatured state involves
a decrease of the [6],,, value (Fig. 2C). We have also observed a
decrease of the [6],,, value during the conformational change
from the native to the aggregation-prone state in 25% (v/v) TFE
(Fig. 2A). This arises from the fact that the [6],,, value
decreases progressively upon going from the urea-unfolded
([6],55 ~—3500 = 1000 degrees cm>dmol ) to the native state
([0],55 ~—6500 = 1000 degrees cm* dmol ') and then to the
TFE-denatured state ([0],,, ~—15,000 = 1000 degrees cm”
dmol™1).

The refolding experiment was repeated, under identical con-
ditions, in the presence of various concentrations of HS ranging
from 0 to 10 ug/ml (Fig. 2C). The rate constant value of the
observed exponential decrease (k;), obtained using again a pro-
cedure of best fit and a single exponential function (Equation 2),

OCTOBER 23, 2009+VOLUME 284 -NUMBER 43

was found to undergo a very small decrease, if any, as the con-
centration of HS increases (Fig. 2D). Overall, HS increases the
conversion rate of the native state into the TFE-denatured state
but does not affect significantly the folding rate, resulting in a
global thermodynamic destabilization of the native state in
addition to a kinetic acceleration of its conversion into the
aggregation-prone state.

HS Induces Rapid Accumulation of Species with [3-Sheet
Structure—In the absence of HS, the relatively fast transition
of mAcP from its native state into a denatured state with
extensive a-helical content is followed by a slow phase in
which the resulting TFE-denatured mAcP self-assembles to
form aggregates with a considerable amount of B-sheet
structure (35). In order to assess the impact of HS on this
slow transition phase, the conversion was first monitored
using far-UV CD. In the absence of HS, spectra acquired at
regular time intervals indicate a slow transition from an
a-helical spectrum, acquired after 4 min, to a highly B-sheet
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FIGURE 3. A, far-UV CD spectra of mAcP acquired during the aggregation
process in the absence of HS. mAcP was incubated as described in the legend
to Fig. 1A. The first and the last spectra reported here were acquired after 4
min and 5 h, respectively. B, time course of the [6],,5 value during aggrega-
tion of mACcP in the absence of HS. mAcP was incubated as described in the
legend to Fig. 1A, and the [6],,5 value was recorded at regular time intervals.
The solid line through the data points results from a procedure of best fit using
a single exponential function (Equation 1). C, far-UV CD spectra of mAcP
acquired during the aggregation process in the presence of HS. mAcP was
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spectrum after 5 h (Fig. 34). The experiment was also carried
out, still in the absence of HS, under conditions identical to
those used for stopped-flow CD and recording the [O],,
value at regular time intervals during the aggregation proc-
ess (Fig. 3B). The [O],, 5 value was found to decrease until a
constant value was observed after ~1 h. The obtained time
course could be fitted satisfactorily to a single exponential
function (Equation 1) yielding a rate constant of 1.70 *
0.42 X 10~ % s~ ' Protein aggregation is clearly a multimo-
lecular process with kinetics more complicated than first-
order and approaching, in the most simple case, pseudo-
first-order kinetics. The kinetic data presented here and
later on are analyzed with single exponential kinetics as an
approximation, to yield a gross measure of the aggregation
rate.

The experiment was then repeated, under identical condi-
tions, in the presence of 7.5 wg/ml HS (Fig. 3C). The first far-UV
CD spectrum acquired after 1 min is predominantly a-helical
but differs clearly from the initial spectra acquired in the
absence of HS and rather resembles those recorded at interme-
diate time points during the aggregation transition in the
absence of HS, when 3-sheet structure is partially present. This
picture is complemented by spectra acquired after 4, 7, and 20
min, which appear to result from increasingly enhanced
B-sheet structure formation (Fig. 3C). The last spectrum
acquired after 5 h indicates extensive B-sheet structure and
resembles that acquired in the absence of HS at this advanced
time point. Similarly to the experiment performed in the
absence of HS, we also attempted to follow the time course of
aggregation in the presence of 7.5 ug/ml HS by monitoring the
[0],,5 value. However, the [6],,5 value does not show a detect-
able difference in the initial and final spectra (Fig. 3C), making
the kinetic trace of [6],,5 as a function of time dominated by
noise in this case.

HS Promotes the Appearance of a New Rapid Phase of Aggre-
gation—In the next set of experiments, the time course of aggre-
gation in the presence of various concentrations of HS, ranging
from 0 to 10 ng/ml, was monitored performing ThT binding
assays at regular time intervals. Plotting single measurements of
ThT fluorescence as a function of time allowed us to follow the
time courses of aggregation in the presence and absence of var-
ious concentrations of HS (Fig. 4A4). In the absence of HS, a
single phase is observed, and the resulting trace could be fitted
to a single exponential function (Equation 4), yielding a value of
1.11 = 0.2 X 10 *s™ %, This value is similar, within experimen-
tal error, to the value obtained with far-UV CD (1.70 * 0.42 X
10~ 3 s~ 1), indicating that the transitions monitored with the
two spectroscopic probes result from essentially the same
aggregation phase.

In the presence of HS, the obtained time courses are domi-
nated by two kinetic phases (Fig. 4A). In a first phase, occur-
ring on a time scale of a few seconds and going to completion
before the first ThT fluorescence measurement can be car-
ried out, the ThT fluorescence increases significantly, to an

incubated under the same conditions with 7.5 ug/ml HS. The spectra
reported here were acquired after 1 min (blue), 4 min (pale blue), 7 min (green),
20 min (orange), and 5 h (red).
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FIGURE 4. A, time course of the ThT fluorescence during mAcP aggregation in the absence and presence of
various concentrations of HS. mAcP was incubated as described in the legend to Fig. 1A with 0-10 pg/ml HS.
For each HS concentration tested, aliquots of the aggregating mixture were taken at regular time intervals and
used for the ThT assay. As control reactions, samples containing denatured mAcP in 8 m urea (gray), native
protein in acetate buffer (red), and HS in acetate buffer without mAcP (pale blue) were also monitored. Band D,
dependence of the first phase amplitude and the final ThT fluorescence on HS concentration. C and E, lack of
dependence of the amplitude and rate constant of the second kinetic phase on HS concentration. Solid lines
through the data points result from a procedure of best fit using a single exponential (Equation 4) function (A)
oralinear function (Band D). Error bars, S.E. values resulting from at least three independent experiments. a.u.,

arbitrary units.

extent that is dependent on HS concentration (Fig. 44). This
fast phase is followed by a slow phase occurring on a time
scale comparable with that found in the absence of HS. This
indicates that HS induces the appearance of a new rapid

OCTOBER 23, 2009+VOLUME 284 -NUMBER 43

the fast phase in the presence of
this GAG (Fig. 4D).

The time course of the second
slow phase does not appear to be
affected by the presence of HS, since
the obtained rate constant values
(K,gg) do not correlate with the con-
centrations of HS that were used
(Fig. 4E). As control experiments,
the ThT fluorescence was also
measured in the presence of 7.5
pg/ml HS in buffer without mAcP,
native mAcP with no HS, and
mAcP denatured in 8 M urea with-
out HS (Fig. 4A). In all cases, the
ThT fluorescence remained low,
indicating that the initial increase
of ThT fluorescence upon the
addition of HS is due to real pro-
tein aggregation, since neither HS
nor monomeric mAcP, independ-
ently of its conformational state,
has the ability to increase the ThT
fluorescence.

The aggregation process of mAcP
in the presence of various concen-
trations of HS, ranging from 0 to 10
pg/ml, was also monitored using
light scattering (Fig. 5A). In the
presence of HS, two phases were
again observed: an initial rapid
increase, occurring within the dead
time of the experiment, followed by
a slower increase. This latter
increase occurred on a time scale
comparable with that observed
with ThT fluorescence and appar-
ently independently of HS concentration. Unfortunately,
light scattering continued to increase after this initial phase,
probably as a result of further association or reorganization
of the aggregates, preventing an accurate analysis with a sin-
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FIGURE 5. A, mAcP aggregation in the absence and presence of various concentrations of HS followed by monitoring light scattering at 400 nm. mAcP was
incubated as described in the legend to Fig. 1A with 0-10 wg/ml HS. As control reactions, samples containing denatured protein in 8 m urea (gray), native
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concentration. C, lack of dependence of the second phase amplitude on HS concentration. D, dependence of final light scattering measured at 8000 s on HS
concentration. In Band D, the solid lines through the data points result from a procedure of best fit using a linear function.

gle exponential function and, as a consequence, of an accu-
rate determination of k,,, values. The amplitudes of the first
and second phases, determined as described under “Experi-
mental Procedures,” are plotted as a function of HS concen-
tration in Fig. 5, B and C. Similarly to the ThT binding anal-
ysis, the first phase amplitude increases linearly with HS
concentration (Fig. 5B), whereas the second phase amplitude
does not have a remarkable dependence on HS concentra-
tion (Fig. 5C). The light scattering signal recorded after the
second phase was also found to increase with HS concentra-
tion (Fig. 5D).

As control reactions, the time dependences of light scattering
for native mAcP in buffer, denatured mAcP in 8 M urea, and 7.5
pg/ml HS in buffer, without mAcP, were also monitored (Fig.
5A). All of the control reactions resulted in scattering signals
around zero, indicating that the initial increase of light scatter-
ing signal upon the addition of HS is due to real protein aggre-
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gation, since neither HS nor monomeric mAcP, independently
of its conformational state, scatter light.

The Two Aggregation Phases Are Parallel Rather Than
Sequential Events—In both ThT binding assays and light scat-
tering experiments, a very rapid formation of initial aggregates
was observed when HS was present (Figs. 44 and 5A). In prin-
ciple, the two kinetic phases observed in the presence of HS can
be two steps of a sequential mechanism, where the TFE-dena-
tured state converts into aggregates (first phase), which conse-
quently convert or assemble further to form other aggregates
(second phase). Alternatively, the two phases can be two events
occurring in parallel, both consisting of the assembly of the
TFE-denatured state into aggregates and where only the first
fast phase is dependent on HS. The data obtained so far account
for the second mechanism rather than the first (see “Discus-
sion”), but to obtain a more strong indication that the phases
reflect parallel events, a specific test was performed.
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mACcP aggregation was initiated under identical conditions,
in the presence of 7.5 ug/ml HS, but after 1 min the sample was
filtered. The first phase is complete after 1 min, whereas the
second phase has just started (Figs. 44 and 5A). The resulting
filtrate was subjected, at regular time intervals, to ThT bind-
ing assays as described before. The comparison of the two
ThT fluorescence time courses obtained with and without
filtration in the presence of 7.5 pug/ml HS is shown in Fig. 6A.
In the filtered sample, the initial ThT fluorescence value
obtained immediately after filtration was found to be similar
to that obtained in the unfiltered sample in the absence of HS
and remarkably lower than that obtained in the unfiltered sam-
ple containing HS (Fig. 6A). In the filtered sample, the ThT
fluorescence was then found to increase in a time frame similar
to that reported for the unfiltered sample (Fig. 6A4). The ampli-
tude of the change is lower in the filtered sample, as a conse-
quence of the fact that the effective protein concentration is
lowered by removing initial aggregates and partly also soluble
protein through filtration (data not shown). In summary, the
filtration removes the fast phase but preserves the slow phase,
thus reverting the behavior of the sample to that observed in the
absence of HS.

In another experiment, HS was added, to a final concentra-
tion of 7.5 ug/ml, 10 s after the start of the aggregation proc-
ess rather than concomitantly. Interestingly, the kinetic
trace monitored with ThT fluorescence is superimposable to
that obtained in the absence of HS and different from that
acquired when a similar concentration of HS is present at the
start of the reaction (Fig. 6B). In fact, no first phase is present
when HS is added with a delay of 10 s. This indicates that the
interaction between mAcP and HS occurs early in the proc-
ess, before the protein is denatured to form the aggregation-
prone state. Hence, the fast phase of aggregation monitored
with ThT and light scattering involves the aggregation proc-
ess of a fraction of initially native protein molecules that bind
to HS, unfold after binding, and immediately aggregate on
the HS surface.

Aggregates and the TFE-denatured State Coexist after the
First Phase—The aggregation process of mAcP in the presence
of 7.5 ug/ml HS was also monitored using DLS. First, the appar-
ent hydrodynamic diameters of native mAcP in acetate buffer,
TFE-denatured mAcP in 70% TFE, and of HS in acetate buffer
with no protein, at concentrations of 7.5 and 400 ug/ml, were
measured (Fig. 7A). Native mAcP appears to have a hydro-
dynamic diameter of 3.6 = 0.1 nm, a value consistent with
the NMR structure of this protein (23). The TFE-denatured
state of mAcP in 70% (v/v) TFE, a concentration of TFE
where aggregation does not occur to any detectable extent
(26), is 7.5 £ 0.4 nm. Finally, the apparent hydrodynamic
diameter of HS was found to be 10.1 = 2.4 nm, a value con-
sistent for a HS molecule of this size (12—14 kDa) and the
typical rigidity provided by the negatively charged moieties.
The sample containing 7.5 ng/ml HS did not scatter the light
to any detectable extent with our apparatus (Fig. 7A4), indi-
cating that any signal obtained in aggregation experiments
performed in the presence of 7.5 ug/ml does not arise from
free HS in solution.
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FIGURE 6. A, time course of the ThT fluorescence during mAcP aggregation in
the presence of HS after initial aggregates were removed by filtration. mAcP
was incubated as described in the legend to Fig. 1A with 7.5 ng/ml HS, and the
sample was filtered after 1 min from the start of aggregation (dotted line). The
time course obtained for the unfiltered sample with 7.5 ug/ml HS is also
shown for comparison (dashed line). B, time course of the ThT fluorescence
during mAcP aggregation when HS is added 10 s after the start of the aggre-
gation process. mAcP was incubated as described in the legend to Fig. 14,and
7.5 ng/mlHS was added 10 s after the start of the reaction (dashed and dotted
line). The time courses obtained in the absence of HS (solid line) and when 7.5
ng/ml HS was initially present (dashed line) are shown for comparison. a.u.,
arbitrary units.

When mAcP was incubated under our standard aggregating
conditions in the presence of 7.5 ug/ml HS, the size distribution
acquired after 40 s revealed two distinct populations with
apparent hydrodynamic diameters of ~6.5 nm, which is very
similar to the hydrodynamic diameter obtained for the mono-
meric TFE-denatured state of mAcP, and 78.8 nm, arising from
mACcP aggregates. Since the light scattering intensity scales with
the square of the mass of the particles in solution, the presence
of a peak at 6.5 nm, albeit small, indicates that the TFE-dena-
tured state is by far the predominant species at this time, coex-
isting with a fair amount of protein aggregates. The time of this
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FIGURE 7. Size distribution of mAcP during the aggregation process in
the presence of 7.5 ug/ml HS determined using DLS. mAcP was incubated
as described in the legend to Fig. 1A with 7.5 ug/ml HS. A, hydrodynamic
diameters of 7.5 wg/ml HS (dotted line), 400 wg/ml HS (solid line), mAcP dena-
tured in 70% (v/v) TFE (dashed and dotted line), and native mAcP (dashed line)
were also acquired, all in 50 mm acetate buffer, pH 5.5, 25 °C. B, size distribu-
tions of mMAcP in 50 mm acetate buffer, pH 5,5, with 7.5 ug/ml HS acquired
after 40 s (solid line), 1 min (dotted line), 20 min (dashed line), 30 min (pixilated
line), and 1 h (dashed and dotted line).

measurement corresponds to a stage where the first phase is
completed and the slow phase has not occurred to any signifi-
cant extent (Figs. 44 and 5A). The co-existence, in the size
distribution obtained with DLS, of peaks at ~80 and 6.5 nm
confirms the presence of aggregates at this stage, co-existing
with a large quantity of monomeric protein that has not yet
undergone aggregation.

At later times, a signal arising from monomeric, TFE-dena-
tured mAcP was no longer detected with DLS, mainly because
the growing population and growing size of the aggregates
obscured the detection of this species. The aggregates detected
with DLS increased in size, also obscuring the detection of
smaller aggregated species that possibly remained in the sample
(Fig. 7B).
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FIGURE 8. Tapping mode AFM images (height data) of mAcP aggregation
in 25% (v/v) TFE, 50 mm acetate buffer, pH 5.5, 25 °C in the absence and
presence of HS. Protein concentration was 0.4 mg/ml. A, at the start of the
aggregation process, in the absence of HS. B, after 1 h aggregation, in the
absence of HS. C, at the start of the aggregation process, in the presence of 7.5
ng/mlHS. D, after 1 h aggregation, in the presence of 7.5 ug/ml HS. Scan size
is 1 um (A and C) or 2 um (B and D). Zrange is 5.0 nm (A), 10.0 nm (B), 3.0 nm
(C), or 8.0 nm (D).

The Two Phases of Aggregation Lead to the Formation of Oli-
gomers and Protofibrils, Respectively—Tapping-mode AFM
was also used to analyze the morphology of the aggregates
formed in the presence and absence of HS. In the absence of HS,
after a few seconds of incubating mAcP in TFE, no significant
amount of aggregates was seen in the AFM images (Fig. 84). By
contrast, protofibrils with mean height of 6.2 = 0.1 nm were
present after 1 h of incubation (Fig. 8B). Isolated globular struc-
tures with mean height of 2.1 + 0.1 nm were also observed (data
not shown). When the analysis was repeated in the presence
of 7.5 ug/ml HS, a large number of oligomeric, non-fibrillar
species were present immediately after the start of the aggre-
gation reaction (Fig. 8C). After 1 h of incubation under the
same conditions, the AFM images showed the presence of
both oligomers and protofibrils with mean heights of 3.9 =
0.1 nm and 6.9 * 0.1 nm, respectively (Fig. 8D). These
images suggest that in the new rapid phase of aggregation
that is induced by the presence of HS, small oligomers are
formed, whereas a second slow phase of aggregation, which
occurs independently of HS in the sample, leads to the for-
mation of protofibrillar species. At the end of the second
slow phase, mAcP oligomers that have interacted with HS
but are not yet transformed into fibrils coexist with protofi-
brils that were formed, which suggests again a parallel nature
of the two aggregation phases.

DISCUSSION

HS has been found to be universally associated with all the
amyloid deposits analyzed so far (6 —12) and has been found to
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promote amyloid fibril formation in vitro by all studied pro-
tein systems (13-22). In particular, it is generally reported
that HS causes an increase of the rate by which fibrils are
formed (13—-17, 22) and of the final ThT fluorescence (14—
17). The study presented here on mAcP has revealed two
important and previously unexplored effects of HS, i.e. the
ability of this GAG (i) to decrease the thermodynamic stabil-
ity of the folded state and accelerate its conversion into an
aggregation-competent partially folded state and (ii) to
cause the appearance of a novel kinetic phase in which
ordered aggregates with an ability to bind ThT and -sheet
structure form very rapidly. The following two paragraphs
will discuss these two findings separately.

Acceleration of the Initial Conformational Change of Native
mAcP by HS— Although HS was not found to have a significant
effect on the refolding rate of mAcP, the conversion of the ini-
tial native state into the TFE-denatured state has been found to
be accelerated 2-fold under the conditions of mAcP and HS
concentrations studied here. It was previously shown that com-
pounds containing phosphate and sulfate groups are able to
bind native mAcP via interactions with the active site of this
enzyme, with dissociation constants on the order of 0.1 mm
under conditions of pH, TFE concentration, and temperature
similar to those studied here (29). The addition of such mole-
cules has been found to decelerate, rather than accelerate,
the conversion from the native to the TFE-denatured state as
binding stabilizes the native state of mAcP (29). The condi-
tions employed here are, however, different. The lowest HS
concentration shown here to cause a significant acceleration
of this conformational transition is 5 ug/ml, corresponding
to an effective concentration of sulfate moieties of ~17 um, 1
order of magnitude lower than the dissociation constant of
sulfate- and phosphate-containing compounds for native
mAcP. Consequently, the expected deceleration of the con-
version into the TFE-denatured state, mediated by a direct
binding to the native active site, is negligible in our experi-
ments. In addition, the sulfate moieties present on HS may
have a lower accessibility to the mAcP active site than free
sulfate-containing small molecules. In the experimental
study presented here, the effect of the sulfate moieties on the
rate of conversion of the native state into the TFE-denatured
state is of a different nature, specific for HS and resulting in
acceleration rather than deceleration.

The HS-mediated acceleration of the initial conformational
change involving the native state and the resulting decrease of
the thermodynamic stability of such a state can be important in
the amyloidogenesis of proteins that are initially folded and that
are associated with clinical amyloidosis, such as transthyretin,
2-microgloblulin, immunoglobulin light chains, lysozyme,
and others. For all of these proteins, mild denaturing conditions
that destabilize the native state, such as low pH, high tempera-
ture, or high pressure, have been found to promote aggregation
(40-43). In addition, mutations destabilizing the native states
of these proteins are all promoting fibrillogenesis (40, 44— 46).
These two lines of evidence indicate that initially folded pro-
teins need to unfold, at least partially, to initiate aggregation. It
has been recently emphasized that amyloid formation does not
necessarily require a process of unfolding across the major free
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energy barrier for unfolding but rather local structural pertur-
bations from the native state (47). It is clear, however, that
mutational, chemical, and physical agents that destabilize the
native state of a protein favor both unfolding and structural
fluctuations. In conclusion, given the importance of a structural
transition involving the native state, either global or local, the
kinetic and thermodynamic effect of HS on this transition
emphasizes one more proaggregating effect of HS, which adds
to the well established proaggregating effect occurring during
the subsequent aggregation steps.

Appearance of a Novel Phase of Aggregation in the Presence of
HS—1In addition to promoting the conversion from the native
state into an aggregation-prone, partially folded state, HS has
also been found to have a dramatic effect on the self-assembly of
the resulting conformational state into aggregates. Our kinetic
analysis reveals that this effect does not consist of a simple HS-
mediated acceleration of this self-assembly step. Two phases of
aggregation are observed in the presence of HS. The first phase
is very rapid, occurs on the time scale of a few seconds, and is
missing in the absence of HS. It is monitored as an increase of
ThT fluorescence (Fig. 44), as an increase of light scattering
intensity (Fig. 5A4), as the appearance of slow-diffusing species
with DLS (Fig. 7B), as the appearance of oligomers with AFM
(Fig. 8C), and as an enrichment of B-sheet structure (Fig.
3C). This phase is a real aggregation event rather than a
HS-induced conformational change occurring within the
monomeric TFE-denatured state. This is supported by the
observed immediate increase of both the ThT fluorescence
and light scattering signal (Figs. 44 and 5A), by the detection
of aggregated species via DLS and AFM (Figs. 7B and 8C),
and by the suppression of the spectroscopic changes associ-
ated with such phase when aggregates are removed from the
sample at the end of this phase through filtration (Fig. 6A4).
Remarkably, the amplitude of this phase increases linearly
with HS concentration (Figs. 4B and 5B), suggesting that the
number of molecules aggregating via this phase increases
with HS concentration.

The second phase is slower and occurs on a time scale of ~1
h. This phase can be monitored as a further increase of ThT
fluorescence and light scattering (Figs. 44 and 5A), as the acqui-
sition of extensive B-sheet structure (Fig. 3, A and C), and as the
accumulation of large protofibrils (Figs. 7B and 8D). This phase
appears to be an event occurring in parallel with and independ-
ently of the first phase rather than arising from the reorganiza-
tion or further association of the aggregates formed through the
first phase in a sequential mechanism. Several lines of evidence
support this conclusion. First, the amplitude and rate of the
second phase do not show any dependence on HS concentra-
tion (Figs. 4, C and E, and 5C). If the second phase observed in
the presence of HS derived sequentially from the first phase, its
parameters would be anticipated to change with HS concentra-
tion. Second, the observation that the amplitude of the first
phase depends on HS concentration, whereas the amplitude of
the second phase does not (Figs. 4, B and C, and 5, B and C), is
not consistent with a sequential mechanism (in this case, the
amplitude of the second phase would be expected to increase
concomitantly with that of the first phase). Third, and more
importantly, the elimination of the aggregates formed through
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FIGURE 9. Proposed model for the formation of amyloid-like protofibrils
from mAcP in the presence of HS. A, model for amyloid formation from
mACcP without HS. Native mAcP converts from its native state to a TFE-dena-
tured state that is enriched in a-helical structure and subsequently forms
amyloid-like protofibrils enriched with B-sheet structure. Fibrils will form
from such species on the time scale of weeks. B, model for amyloid formation
from mACP in the presence of HS. Native mAcP converts from its native state
toa TFE-denatured state that is enriched with a-helical structure, a step that is
accelerated by HS. Subsequently, the protein pool is divided into two frac-
tions, and two processes occur in parallel. A small fraction of protein mole-
cules follows a rapid pathway and is quickly converted into ThT-positive and
B-sheet-containing oligomers, depleting available HS. This represents a new
phase that was not observed in the absence of HS. The remaining fraction of
the protein pool, which does not interact with HS, follows a normal slow
pathway and is converted into amyloid-like protofibrils with ThT-binding and
B-sheet structure showing the same kinetic features as in the absence of HS.
Fibrils are likely to form from both species on the time scale of weeks.

the first phase via filtration does not suppress the second phase
(Fig. 6A), indicating that the two phases occur independently of
each other. Fourth, the presence of a large pool of monomeric,
TFE-denatured mAcP at the end of the first phase (Fig. 7B)
excludes further the possibility that all mAcP molecules aggre-
gate via the fast phase and that the second phase represents only
a structural reorganization or further assembly of the initially
formed aggregates.

A Model Describing Aggregation of mAcP in the Presence of
HS—A model that accounts for all of the experimental data is
depicted in Fig. 9. Native mAcP first converts into an aggrega-
tion-competent partially folded state, a process that is acceler-
ated by HS, as discussed above. The resulting conformational
state of mAcP can take two pathways in the presence of HS. A
fraction of the mAcP molecules is affected by HS and aggre-
gates via a very rapid pathway to form ThT-positive and
B-sheet-containing oligomers. Only a fraction of mAcP mole-
cules can take this pathway, because HS concentration is a lim-
iting factor. Indeed, the concentration range of HS used here
(0.5-10 pg/ml) corresponds to an effective concentration of its
sulfate moieties from ~2 um (0.5 ug/ml HS) to ~45 um (10
pg/ml HS), much lower than the effective concentration of pos-
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itive charges in mAcP, which is 546 um under the conditions
used here. Hence, even with the highest HS concentration
employed in our tests, the molarities of mAcP and of its positive
charges exceed those of HS and its sulfate moieties, respec-
tively. Consequently, only a small fraction of mAcP interacts
with HS, aggregating rapidly and depleting its availability.

The finding that ThT fluorescence increases remarkably
following the first rapid phase indicates that the fraction of
mAcP molecules aggregating via the first phase, albeit small,
reaches a notable structural order. Moreover, the observa-
tion that HS needs to be present at the start of the aggrega-
tion process to promote this rapid aggregation phase (Fig.
6B) indicates that the interaction between mAcP and HS
occurs early in the process, before the protein is denatured to
form the aggregation-prone state. Thus, the first rapid phase
of aggregation involves the aggregation process of a fraction
of initially native protein molecules that bind to HS, unfold
after binding, and immediately aggregate on the HS surface.
The appearance of a new rapid phase of aggregation does not,
however, simply result from the HS-mediated acceleration of
the initial conformational change occurring on monomeric
mACcP. Indeed, the first aggregation phase is severalfold more
rapid than the second slow phase and cannot result from the
2-fold HS-mediated acceleration of the initial conformational
change.

The majority of mAcP molecules cannot interact with HS
and follow a slow aggregation pathway, which occurs in parallel
with the rapid step and shares basically the same kinetic char-
acteristics observed in the absence of HS. It is likely that both
species formed with and without the assistance of HS will even-
tually form fibrils on the time scale of weeks (35).

This model explains why the amplitude of the first phase is
linearly related to HS concentration and why the amplitude of
the slow phase undergoes no significant change or at most just
a small decrease (as observed in Fig. 4C). The model is also
consistent with the finding that the first far-UV CD spectrum
recorded in the presence of HS, after the first phase and before
the second phase, is a mixed «/f spectrum, with «-helical
structure dominating. Indeed, at this stage, the aggregates with
B-structure formed rapidly upon interaction with HS coexist
with the a-helical enriched TFE-denatured state that has not
yet undergone aggregation.

HS-assisted Formation of Oligomers—It is important to
notice that the HS-assisted aggregation occurring through the
fast phase does not lead to amyloid-like protofibrils or fibrils
but to oligomers, as shown by AFM (Fig. 8C). These oligomers
are small in size (the apparent diameter of ~80 nm determined
from DLS arises from clusters of such aggregates, given the
tendency of this technique to visualize only the biggest aggre-
gates in a sample). The oligomers bind ThT and increase its
fluorescence, display extensive B-sheet structure, and thus
seem to share structural features with real amyloid. Species of
this type have been observed to form in the absence of GAGs by
many other systems, and for some protein deposition diseases
are proposed to be the pathogenic species (1). The enhanced
formation of such species by HS can thus be an important phe-
nomenon not just in the overall process of amyloid fibril forma-
tion but also in pathogenesis.
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Implications for a Correct Interpretation of the HS-induced
Amyloidogenesis—The data presented here have shown that
two phases of aggregation appear in the presence of HS and that
only the first step, dramatically accelerated with respect to that
observed in the absence of HS, can be attributed to an HS-
induced aggregation. The HS-mediated appearance of a new
phase in the aggregation process is not a peculiar and excep-
tional trait of the protein and experimental conditions used
here. It is commonly observed in the time course of aggregation
of other systems, when HS or its highly sulfated analogue hep-
arin is present (14, 18, 22, 48, 49), although in some other cases
it is not (16, 17).

The assignment of the observed phases to well defined
aggregation events is necessary to quantify the impact of HS
on amyloid formation. We can better stress this concept
through an example. If the rate and final ThT fluorescence
were the only parameters considered in our results, one
would conclude that (i) HS does not affect the rate of mAcP
aggregation, and (ii) HS only brings about more order within
the aggregates. This is clearly a misinterpretation of the data,
since the analysis shows, by contrast, that HS causes a dramatic
acceleration of mAcP aggregation and induces considerable
order in the molecules aggregating via a direct interaction with
HS. The ability of HS to split the aggregation process into two
pathways occurring independently of each other is also a sys-
tematically neglected issue.

Conclusions—Overall, the data indicate that HS can have a
dramatic effect on amyloid formation by mAcP. It can both
destabilize the initial folded state, accelerating its transition to
the aggregation-prone state, and cause a severalfold acceler-
ation upon the subsequent self-assembly of partially
unfolded monomers into ThT-positive and 3-sheet-contain-
ing oligomers, with the latter effect appearing to be larger
than previously thought. In the lamina densa of the basal
membrane, where HS is abundant as side chains of large
proteoglycans, the kinetics and pathway influenced by HS
can dominate over those observed in their absence and lead
to oligomeric species that are often thought to be the real
pathogenic species in amyloid-associated diseases. This not
only leads to accelerated and enhanced amyloid-fibril forma-
tion and deposition but also determines a pathway distinct
from that commonly observed in vitro in the absence of HS
and other GAGs.
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