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Amyloid formation occurswhen a precursor proteinmisfolds and aggregates, forming a fibril nucleus that serves
as a template for fibril growth. Glycosaminoglycans are highly charged polymers known to associate with tissue
amyloid deposits that have been shown to accelerate amyloidogenesis in vitro. We studied two immunoglobulin
light chain variable domains from light chain amyloidosis patients with 90% sequence identity, analyzing their
fibril formationkinetics and bindingpropertieswithdifferent glycosaminoglycanmolecules.Wefind that the less
amyloidogenic of the proteins shows aweak dependence on glycosaminoglycan size and charge, while themore
amyloidogenic protein responds onlyminimally to changes in the glycosaminoglycan. These glycosaminoglycan
effects on fibril formation do not depend on a stable interaction between the two species but still show
characteristic traits of an interaction-dependent mechanism. We propose that transient, predominantly
electrostatic interactions between glycosaminoglycans and the precursor proteins mediate the acceleration of
fibril formation in vitro.
n amyloidosis; ThT, Thioflavin T;
f the mean.
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1. Introduction

Protein misfolding disorders, including the amyloidoses, are amajor
contributor to human disease. It is also increasingly apparent that
amyloid or amyloid-like structures play an important physiological role
in bacteria [1], fungi [2,3], and evenmammals [4]. Furthermore, amyloid
fibrils have shownpromise in thedevelopmentof stable, generic protein
scaffolds for use in nanomaterials and synthetic biology [5]. Each of
these areas would benefit greatly from a greater understanding of the
nature of amyloid formation and the different factors that might
enhance or diminish the tendency to form fibrils in living systems.
Glycosaminoglycans may be one such factor.

Glycosaminoglycans, orGAGshavebeenobserved in associationwith
tissue deposits of amyloid for many years [6–9]. However, it remains an
open question what role they play, if any, in the pathogenesis of protein
misfolding diseases. Towards that end, numerous studies have been
performed in vitro looking at GAG effects on fibril formation rates and
toxicity [10–13]. Different GAGs have been demonstrated to accelerate
fibril formation by immunoglobulin light chains, gelsolin, α-synuclein,
acylphosphatase, and β2-microglobulin [14–21]. In the specific case of
light chain amyloidosis, this acceleration has been shown to be highly
dependent on the type of GAG used [14,21].
GAGs are highly polymorphic molecules composed of repeating
disaccharide units of either an uronic acid or galactose pairedwith an N-
acetylated or N-sulfated hexosamine. The type of disaccharide, the
number of disaccharide repeats, and thenumber of sulfatemolecules per
disaccharide can all be varied in vivo to increase the diversity of the GAG
population. Recent studies have suggested that glycosaminoglycans size
and charge can vary considerably from one organ to another within the
body, and it has been shown that themodification of the GAG portion of
proteoglycans can significantly alter cell signaling and adhesion [22–24].
All of these studies point to a possible privileged role for GAGs in the
pathogenesis of amyloiddiseases.However, studies showing thatnucleic
acids and other polyanions can dramatically accelerate amyloid fibril
formation cast doubt on this interpretation, suggesting instead that the
observedGAGeffect ismainly the result of the sizeandchargeof theGAG
molecule [25,26].

We approach the study of amyloid fibril formation through the
disease light chain amyloidosis, or AL. AL is a hematological disorder
in which a clonal population of plasma cells expands and secretes
large amounts of free immunoglobulin light chain. The light chain
protein circulates in the bloodstream until it misfolds and aggregates
in target organs and tissues [27]. The proteins AL-09 and AL-103 are
both derived from the κI O18:O8 germline sequence; we have
previously shown that in spite of their high sequence similarity,
these proteins diverge in terms of structure and their fibril formation
behavior. These two proteins share greater than 90% sequence
identity, yet AL-09 forms amyloid fibrils rapidly without regard to
the solution conditions while AL-103 forms fibrils much more slowly
and shows a high sensitivity to the solution conditions [28].
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Structurally, AL-09 crystallizes with the dimer interface rotated 90°
from that of the canonical Bence–Jones interface seen with AL-103
and other light chain proteins [29,30]. We hypothesize that the
altered dimer interface allows AL-09 to populate misfolded interme-
diate conformation more easily than the canonical dimer interface
structures found in other light chains allow them to do.

Amyloid fibril formation characteristically follows nucleated
polymerization kinetics. There is a variable lag phase followed by a
much more rapid elongation phase. By adding a small amount of
preformed fibrils you can seed the fibril formation reaction, reducing
or eliminating the lag phase. The reaction plateaus at equilibrium,
Fig. 1. t50 values for fibril nucleation in the presence of different GAGs and GAG-likemolecules
AL-09 fibril nucleation. c) GAG charge dependence of AL-09 fibril nucleation. d) AL-103 fibril
nucleation. f) GAG charge dependence of AL-103 fibril nucleation. Error bars correspond to SE
leaving a small amount of soluble protein still in solution [31].
Changes in the kinetics reflect differences in the amyloid formation
pathway, allowing us to study the effect of different perturbations on
the system even without detailed molecular knowledge of fibril
structure.

In this paper wewill look at the in vitro fibril formation properties of
these closely related light chains inorder tobetterunderstand the role of
glycosaminoglycans in amyloid fibril formation. We specifically sought
to illuminate the role of GAG size and charge in fibril nucleation and
elongation by using highly purified heparin derivatives and comparing
them to other preparations of GAGs and GAG-like molecules. These
. a) AL-09 fibril nucleation in the presence of different GAGs. b) GAG length dependence of
nucleation in the presence of different GAGs. e) GAG length dependence of AL-103 fibril
M of triplicate samples. * represents a reaction where no fibril formation occurred.
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kinetic experiments have shown that the acceleration offibril formation
of one of our proteins, AL-103, depends weakly on heparin size and
charge. Through the study of fibril formation kinetics as well as the use
of isothermal titration calorimetry, we have shown that while heparan
sulfate binds to AL fibrils and precursor proteins, there is no correlation
between GAG binding and the acceleration of in vitro fibril formation.
Thus, stable interactions between GAGs and amyloid fibrils or precursor
Fig. 2. The presence of GAGs and GAG-like molecules has aminimal effect in the seeding effic
(in the presence of preformed seeds) in the presence of different GAGs. b) GAG length depe
d) AL-103 fibril elongation (in the presence of preformed seeds) in the presence of different
of AL-103 fibril elongation. Error bars correspond to SEM of triplicate samples.
proteins are not necessary for GAG-dependent acceleration of fibril
formation. However, we also see that the GAG-dependent acceleration
of fibril formation depends on the concentration of the GAG species and
that the presence ofmoderate amounts of salt in the reaction eliminates
the effects observedwith GAGs.We also observe enhanced acceleration
of fibril formation in the presence of GAGs at low pH values where the
protein is highly charged. Based on this evidence we propose that the
iency as shownwith the t50 values of the elongation reactions. a) AL-09 fibril elongation
ndence of AL-09 fibril elongation. c) GAG charge dependence of AL-09 fibril elongation.
GAGs. e) GAG length dependence of AL-103 fibril elongation. f) GAG charge dependence

image of Fig.�2
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GAG-dependent acceleration of fibril formation for these proteins is the
result of a transient electrostatic interaction that acts to stabilize the
fibril nucleus.

2. Results

Figure S1 shows unseeded fibril formation (or fibril nucleation) in
the presence of 1 mg/mL GAGs and GAG-likemolecules for both AL-09
and AL-103. The rate of fibril formation is represented as the t50, or
time at which the fibril formation reaction is 50% complete (Fig. 1).
We do not see any enhancement of the AL-09 fibril formation rate in
the presence of GAGs and in fact see a decreased rate of fibril
formation in the presence of heparan sulfate. Fig. 1b and c shows rapid
fibril formation occurring across a range of heparin molecules of
different lengths (Fig. 1b) and charge levels (Fig. 1c). Only the reaction
with de-O-sulfated heparin showed any difference, slowing slightly
from the reaction with protein alone. In Fig. 1d, AL-103 shows that
under physiological solution conditions, AL-103 alone does not form
fibrils. However, AL-103 shows a much stronger response to the
presence of GAGs and dextran sulfate than that seen for AL-09. Fibril
formation occurs in less than 100 h in the presence of heparan and
dextran sulfate. We also observe acceleration in the presence of
polysaccharide IV heparin, with fibril formation occurring after
approximately 300 h. Fig. 1e shows a gradual increase in the AL-103
fibril formation t50 values in the presence of heparin oligosaccharides
Fig. 3. Interaction of heparan sulfate with fibrils and fibril precursor proteins. ITC shows the bin
heparan sulfate was titrated into a solution of a) soluble 40 μM AL-09, b) AL-09 amyloid fibrils
of varying size. Only disaccharide heparin does not promote AL-103
fibril formation over the time course of this experiment (N1500 h,
Fig. 1e, shown with a *). Because the concentrations of the GAGs are
based on weight, the molar concentration of disaccharide in this
experiment was 20-fold higher than that of the polysaccharide
heparin. The lack of fibril formation at such a high relative
concentration strongly illustrates the importance of molecule length,
but the lack of statistical significance among t50 values with the other
heparin molecules of varying sizes makes a more quantitative
assessment of the length dependence impossible. We observe in
Fig. 1f that AL-103 fibril formation depends on the sulfation level of
the GAGs. In solution with de-N-sulfated heparin, AL-103 shows a
slower rate of fibril formation than seen with normo- or over-sulfated
heparin, while we see no fibril formation on this time scale (N1000 h)
with de-O-sulfated heparin. GAGs alone did not show any ThT
fluorescence (not shown). All fibril formation assays were confirmed
by transmission electron microscopy (Figure S2). Briefly, AL amyloid
fibrils formed in vitro tend to form dense networks of short, rod-like
structures as has been previously reported with other AL amyloid
fibrils [14,32]. Some individual amyloid fibril segments are observed
within the dense network of fibrils. These images confirm that the
increase in Thioflavin T fluorescence is due to the formation of mature
amyloid fibrils and not an oligomeric or prefibrillar species.

In Fig. 2 we analyze the effect of GAGs and GAG-like molecules on
fibril elongation (seeded) reactions. The presence of seeds accelerates
ding of heparan sulfate glycosaminoglycans to both AL-09 and AL-103 at 35 °C. 5.4 mg/mL
(approx. 20 μM), c) soluble 40 μM AL-103, and d) AL-103 fibrils (approx. 20 μM).

image of Fig.�3
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the rate of AL-103 fibril formation, while AL-09 is not affected by the
presence of seeds. The reactions show several small changes but no
trends or large deviations. For AL-09, heparan sulfate and dextran
sulfate decrease the lag time (or increase the seeding efficiency) of the
reactions slightly (Fig. 2a), but there is no significant difference in
seeding efficiency or the rate of fibril elongation due to heparin length
(Fig. 2b) or charge (Fig. 2c). AL-103 shows the same small increase in
seeding efficiency in the elongation reactions containing heparan and
dextran sulfate (Fig. 2d) and a slight decrease in the t50 value in the
presence of decasaccharide (Fig. 2e), but no difference in the
elongation rate (as observed in Figure S3). The seeding efficiency for
AL-103 shows a significant increase in the presence of over-O-sulfated
heparin and a decrease when de-O-sulfated heparin is present in the
reaction. Overall, the only effect we see from the presence of GAGs is
perturbation of the seeding efficiency; we do not see measurable
differences in the elongation rate due to the presence of GAGs in
solution.

Having confirmed that GAGs can accelerate fibril formation, we
sought to determine whether or not this effect was caused by a
specific interaction between the two species. Isothermal titration
calorimetry (ITC) experiments (Fig. 3) show that heparan sulfate
binds to both the AL-09 and AL-103 precursor proteins (Fig. 3a and c)
and to AL-09 and AL-103 fibrils (Fig. 3b and d), with an estimated
dissociation constant in the low micromolar range. However, neither
dextran sulfate nor any heparin derivative tested (disaccharide,
Fig. 4. GAG concentration dependence of fibril formation t50 values. a) AL-09 fibril nucleation
the presence of 0.1 mg/mL GAGs or GAG-like molecules. c) AL-103 fibril nucleation in the
presence of 0.1 mg/mL GAGs or GAG-like molecules. Error bars correspond to SEM of triplic
tetrasaccharide, hexasaccharide, polysaccharide, de-O-sulfated, or
over-O sulfated) bound to AL-09 and AL-103 fibrils or soluble protein
with any measurable affinity over a range of concentrations and
temperatures (data not shown), in spite of their clear acceleration of
AL-103 fibril formation (Fig. 1d–f). These results suggest that
enhancement of fibril formation does not necessarily require a
binding event that will be detected using ITC.

In an attempt to resolve this apparent contradiction, we sought to
determine whether or not the enhancing effect we observed with
fibril formation depended on the concentration of the GAGs. Such a
concentration dependence should arise if there is an interaction
between the protein and GAG molecules. Fig. 4 shows the concentra-
tion dependence of the GAG effect on fibril formation, comparing fibril
formation t50 values of AL-09 and AL-103with either 1.0 or 0.1 mg/mL
GAGs or GAG-like molecules. AL-09 shows robust fibril formation at
both concentrations (Fig. 4a and b), but AL-103 shows no fibril
formation at the lower concentration (Fig. 4d). Only dextran sulfate
shows enhancement of ThT fluorescence at the low concentration,
peaking at about 100 h before falling off, likely due to inner filter
effects. (Figure S4). This concentration dependence of the GAG effect
on AL-103 fibril formation supports the idea that the GAG molecules
interact with the amyloidogenic precursor proteins in order to
produce the observed acceleration of fibril formation.

To further test the potential interaction between the two species,
we added moderate concentrations of salt to the fibril formation
in the presence of 1.0 mg/mL GAGs or GAG-like molecules. b) AL-09 fibril nucleation in
presence of 1.0 mg/mL GAGs or GAG-like molecules. d) AL-103 fibril nucleation in the
ate samples. * represents a reaction where no fibril formation occurred.

image of Fig.�4
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reactions in an attempt to screen any electrostatic contribution to
binding. We chose the sulfate and perchlorate anions for this
experiment because they fall on different ends of the Hofmeister
series and it has previously been demonstrated that there is a
relationship between the Hofmeister anion effect on protein stability
and amyloid formation [33]. Fig. 5 and Figure S5 show a comparison of
AL-09 and AL-103 fibril formation in the presence of 0.5 M sodium
sulfate or sodium perchlorate and 0.1 mg/mL heparin, heparan
sulfate, and dextran sulfate. We selected lower GAG concentrations
for this experiment to accentuate the difference between the two
anions studied. AL-09 presents high fibril formation t50 values in the
presence of sodium sulfate and in the presence of both dextran sulfate
and sodium sulfate (Fig. 5a), but the rest of the reactions in sulfate and
perchlorate do not differ significantly, restricting our ability to
interpret these results. However, AL-103 fibril formation is clearly
dominated by the choice of salt present. The t50 values in the presence
of sodium sulfate are higher than in the presence of sodium
perchlorate, consistent with what we observed for AL-09. In Fig. 4
we observe that AL-103 fibril formation occurred after 67±5 h at this
concentration of dextran sulfate. In the presence of sodium sulfate and
dextran sulfate, AL-103 forms fibrils after 249±39 h (Fig. 5b). In the
presence of sodium perchlorate and dextran sulfate, AL-103 forms
fibrils after 38±1 h. In both the perchlorate and sulfate reactions, the
fibril formation is indistinguishable in the presence or absence of
dextran sulfate, indicating that the presence of either salt disrupts
Fig. 5.Moderate concentrations of salt dominate the fibril formation kinetics. GAGs and
GAG-like molecules are present at a concentration of 0.1 mg/mL; salts are present at a
concentration of 0.5 M. a) AL-09 fibril nucleation in the presence of the sulfate,
perchlorate anions. b) AL-103 fibril nucleation in the presence of the sulfate and
perchlorate anions. * represents a reaction where no fibril formation occurred.
dextran sulfate's effect on fibril formation. Moreover, AL-103 was
unable to form fibrils in the presence of 0.1 mg/mL polysaccharide IV
heparin or heparan sulfate, yet when we incubate these GAGs in the
presence of the salts, AL-103 forms fibrils at comparable t50 values of
the reactions with salt alone. This signals an electrostatic contribution
to the GAG-mediated acceleration of fibril formation. In the presence
of moderate amounts of salt, the GAG-protein interaction is disrupted
and the salt's effect on fibril formation dominates.

To further illustrate the importance of electrostatic contributions to
the GAG effect, Fig. 6 shows the pH dependence of heparan sulfate
mediated acceleration of AL fibril formation. The previously discussed
acceleration of fibril formation occurs even though our AL proteins have
a net negative charge at pH 7.4. As shown in Fig. 6a (AL-09) and Fig. 6b
(AL-103), by lowering the solution pH and increasing the net positive
chargeon theproteinwecan further enhance the rate offibril formation.
At pH 5 both AL-09 (theoretical pI=4.83) and AL-103 (theoretical
pI=5.62) are near their isoelectric point, while the reactions at pH 3 are
significantly below the isoelectric point and thus have a positive charge
(AL-09 has a theoretical charge of +7; AL-103 has +9). In both
instances, the rates of fibril formation at low pH values increased over
that foundatpH7,where theproteinshaveanet negative charge (AL-09
has a theoretical charge of −2; AL-103 has −1). We have previously
shown that low pH alone can enhance AL-103 fibril formation (t50 for
that reaction is equal to 295 h) [28], but in the case of AL-103 (Fig. 6b)
there is unambiguously a further acceleration at low pH in the presence
of heparan sulfate.

Our data with AL-103 show a clear acceleration of fibril formation
due to GAGs and GAG-like molecules, consistent with previous
studies. AL-09 fibril formation in the presence of GAGs is more
ambiguous, but this befits the difficulty of accelerating AL-09 fibril
formation that we have observed previously [28] .We observe charge
Fig. 6. pH dependence of the GAG effect on fibril formation. Fibril formation is shown by
the increase in ThT fluorescence (normalized) versus time in hours. Heparan sulfate
was present at a concentration of 0.1 mg/mL. a) AL-09 fibril nucleation in the presence
of heparan sulfate, pH 3–7. b) AL-103 fibril nucleation in the presence of heparan
sulfate, pH 3–7.

image of Fig.�5
image of Fig.�6
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and size dependence on the acceleration of AL-103 amyloid
formation. The evidence of binding based on ITC creates a contradic-
tion; we can measure interactions with only heparan sulfate,
indicating that while binding may occur it is not necessary for the
acceleration of fibril formation observed with heparin and dextran
sulfate. AL-103 amyloid formation reactions show several other
hallmarks of an electrostatic interaction, namely concentration
dependence and disruption through the addition of salt. To account
for these apparent contradictions, we propose that the acceleration of
fibril formation due to GAGs is the result of a transient electrostatic
interaction that acts to stabilize and accelerate the formation of a fibril
nucleus (Fig. 7). This model explains the unique features of the fibril
formation kinetics that point to an interaction between the two
species while reconciling with the fact that no such interaction can be
detected.

3. Discussion

As immunoglobulins, AL-09 and AL-103 necessarily differ at several
points in their amino acid sequence (Figure S6). The two proteins have a
similar isoelectric point (theoretical pI=4.83 for AL-09, 5.62 forAL-103)
and only the K42Q mutation of AL-09 alters the balance of cationic
residues. The changes in sequence between the two proteins should not
significantly perturb their ability to interact with a highly anionic
polymer like the GAGs. This is reflected in Fig. 3, where the two proteins
bind to heparan sulfate with similar affinity. However, this study has
shown that AL-09 and AL-103 do differ in their response to GAGs in
solution. How can their behavior differ so significantly if the interaction
is so similar? This behavior is entirely consistent with their response to
other co-solutes. Though the sequences of the two proteins are highly
similar, we have previously found that the rate of fibril formation for AL-
09 is relatively insensitive to the solution conditions even after rigorous
purification of any preformed oligomeric species from solution [28]. This
is indirect contrast toAL-103,which shows strongdifferences in the rate
of fibril formation under different solution conditions. Our hypothesis is
that the differences we have observed in the dimerization of AL-09
strongly predispose this particular AL protein to fibril formation [30].
Thus, the difference in fibril formation between the two proteins in the
presence of GAGs can best be attributed to AL-09's relative ease of fibril
formation rather than to any property of the GAGs.We also note that in
spite of the huge acceleration in AL-103 fibril formation due to the
presence of GAGs, its fibril formation rate at best matches that of AL-09.
Fig. 7. Proposed model of glycosaminoglycan effect on AL fibril formation. Under normal
conditions, shown in (a), an unknown number of natively folded AL-103monomers (nN)
undergo a conformational change. This altered conformation is prone to aggregate,
forming an intermediate I en route to the formation of a nucleus N*. Additional monomers
interactwithN* to formamyloidfibrils. AL-09 andAL-103differ in the efficiencyof thefirst
two steps; AL-09 appears to populate the nucleus in a very favorable way without the
enhancement of cofactors such as GAGs. Based on our fibril formation and calorimetry
data, we hypothesize that glycosaminoglycans (GAGs) accelerate AL-103 fibril formation
by interacting with and stabilizing a prefibrillar conformation. This is depicted in (b) and
(c). In (b), the interaction occurs between theGAGmolecule and an intermediate,while in
(c) the interaction occurs with the nucleus itself. At this point our data do not give any
indication as to which of (b) or (c) are more likely.
These observations support a dominant role for protein sequence
differences in thefibril formation pathway and the pathogenesis of AL. It
is worth noting that we have observed some variability in the t50 values
of the AL-09 fibril formation reaction in physiological solution
conditions. In our previous study [28], the t50 was ~250 h, while the
t50 for AL-09 alone in this study is ~40 h. We have recently observed
well-to-well variability that resembles these differences in the kinetics
for AL-09, suggesting that the reaction, while stochastic, may follow at
least two divergent pathways.

The effect of GAGs on amyloid fibril formation has been studied
intensely due to their association with amyloid deposits in vivo [6–9].
The central question is, does this association have any importance for
the pathogenesis of AL or any amyloid disorder? It was recently
proposed that GAGs act as a scaffold for the growth of amyloid fibrils
based on interactions between the sulfate groups of the GAGs and the
amyloidogenic proteins [34]. This mechanism provides a plausible
role for GAGs in the formation of amyloid fibrils in living tissue, but
based on our results it must be modified to apply to light chain
amyloidosis. The central importance of an electrostatic interaction is
consistent with the fibril formation kinetics we observed, both for the
possible length dependence of the GAG effect and for the disruption of
the GAG effect by salt. However, our ITC data clearly show that
equilibrium binding of the type described in the scaffolding
mechanism is not a requirement for observing acceleration of fibril
formation in these AL proteins. While it is certainly possible for an
interaction to occur without a detectable change in enthalpy, we think
that is unlikely in this case based on previous studies of GAG-protein
interactions [35] and the large electrostatic component of this
interaction demonstrated by the salt titration in Fig. 5. We propose
that, in vitro, the GAG mediated acceleration of AL fibril formation
occurs as a result of an electrostatic interaction between the sulfate
groups and a short-lived intermediate during the formation of the
fibril nucleus (Fig. 7). This interaction would necessarily stabilize the
fibril nucleus or its precursor, accelerating the rate of fibril formation
dramatically. At a molecular level, positively charged lysine or
arginine residues will interact with the negatively charged sulfate
moieties of the GAGs and GAG-like molecules. Further studies are
needed to identify the specific interaction or interactions necessary
for this mechanism.

We showed in Fig. 2 that there is no difference in the fibril
elongation rate in the seeded reactions-the only differences occur in
the efficiency of the seeding process as shown in the lag time before
the exponential phase of the reaction. These changes in the seeding
efficiency and the lack of change in the elongation rate further support
the idea that any GAG effect in the reaction is predominantly
occurring at the nucleation stage of fibril formation rather than
continually along the length of the growing fibril.

This nucleation dominant mechanism could provide a role for
GAGs in the pathogenesis of AL. By stabilizing the nucleus, GAGs and
other biological polyanions could reduce the lag time of fibril
formation to biologically relevant timescales. Furthermore, through
this mechanism the anionic charge density could also influence the
location of fibril formation by encouraging local fibril nucleation.
However, we have also clearly documented binding between mature
fibrils and heparan sulfate (Fig. 3), again raising the question of
whether or not this association occurs incidentally. This notion is
especially relevant in light of the suggestion that soluble oligomers
rather than fibrils are the disease-bearing agents in the amyloid
disorders [36]. AL-09 responds to the presence of heparan sulfate
more than any other GAG studied, slowing its fibril nucleation
(Fig. 1a) and enhancing its elongation (Fig. 2a). While these are minor
differences, it is possible that there is an additional effect due to
heparan sulfate that is too subtle for our assays.

It is also curious that our immunoglobulin light chains show an
affinity for heparan sulfate without showing any affinity for either
heparin or dextran sulfate. Particularly from an electrostatic viewpoint

image of Fig.�7
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these are all highly similarmolecules.However, it is known thatheparan
sulfate proteoglycans have a special role in cell signaling and in
association with amyloid fibrils [22,37]. It is possible that these
molecules have a native affinity for proteins in general or for proteins
containing the Ig fold (a ubiquitous structural element).We should also
note that the heparin used in these assays was highly purified and
fractionated while the heparan sulfate was much more polydisperse.
Heparin is commercially available in a highly purified formbecauseof its
biomedical applications, whereas heparan sulfate is still purified from
tissue extracts. It is possible that this difference influenced the ability of
heparan sulfate to bind our light chains.

One interesting feature of this study and of our previous work is
the ability of dextran sulfate to mimic the effect of GAGs on amyloid
fibril formation. The interest in the role of GAGs is based strongly on
the association of GAGs with amyloid deposits in vivo, but dextran
sulfate has no such association. The influence of a ‘generic’ sulfated
polysaccharide (and other polyanions [25]) indicates that any
proposed mechanism by which these molecules accelerate fibril
formation must not depend on unique interactions. Rather, it appears
that the quasi-linear arrangement of negative charges on the
associated polymer is the determining factor in the acceleration of
fibril formation rather than a specific association between GAG
molecules and the amyloidogenic proteins. In some ways this may be
analogous to the role of lipid membranes in the formation of fibrils by
α-synuclein among others [38].

We have also considered the possibility that the GAGs and GAG-
like molecules accelerate fibril formation through macromolecular
crowding, but the low GAG concentrations (relative to those seen in
typical crowding assays [39–41]) used in these assays and the
acceleration of AL-103 fibril formation even in the presence of low
molecular weight heparin derivatives speak against this possibility.

At this point, further study is needed before we will be able to
describe the exact mechanism through which GAGs might influence
the pathogenesis of AL at the molecular level or to determine the
precise role of GAGs in the pathophysiology of these diseases.

4. Materials and methods

4.1. Cloning, expression, extraction, and purification

Recombinant AL-09 and AL-103 proteins were expressed in E. coli
and purified as described previously [14,29]. All proteins were
purified by HiLoad 16/60 Superdex 75 column on an AKTA FPLC (GE
Healthcare) system. Pure protein was verified by SDS polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blot analysis. If
necessary, additional purification was performed using a Biorad Uno
Q1 anion exchange column.

4.2. Reagents

Purified heparin derivatives (disaccharide, tetrasaccharide, hexa-
saccharide, octasaccharide, decasaccharide, polysaccharide (MW
12000 Da), de-N-sulfated, de-O-sulfated, and over-O-sulfated heparin)
were obtained from Neoparin, Inc. (Alameda, CA); all other reagents
were obtained from Sigma-Aldrich and were used without further
purification. Over-O-sulfated heparin contains at least 3.5 sulfate
molecules per disaccharide unit, while the de-O- and de-N-sulfated
heparin each have more than 90% of their respective sulfate groups
removed. GAG samples were dissolved in 10 mM pH 7.4 Tris–HCl,
filtered, and either used immediately or aliquoted and stored at−20 °C.
Samples were not refrozen after thawing.

4.3. Fibril seeds

AL-09 seeds were prepared as described previously [14]. Briefly,
20 μM AL-09 in the presence of 0.5 M Na2SO4 in 10 mM Tris–HCl (pH
7.4) was incubated at 50 °C. AL-103 seeds were prepared from a
solution of 20 μM AL-103 incubated in 10 mM sodium acetate, boric
acid, and sodium citrate (ABC) buffer at pH 2. Samples were incubated
at 37 °C and shaken at 250 rpm. Fibril formation was verified by
Thioflavin T (ThT) fluorescence and electron microscopy.

4.4. Fibril formation

Fibril formation kinetics were followed by measuring ThT
fluorescence on a plate reader (Analyst AD, Molecular Devices) with
an excitation wavelength of 440 nm and an emission wavelength of
480 nm. All experiments were performed in triplicate using black 96-
well polystyrene plates. Plates were incubated at 37 °C and shaken
continuously on a Lab-Line titer plate shaker. Each well contained
20 μM protein, 150 mM NaCl, 0.02% NaN3, 1 mg/mL GAGs, and 10 μM
ThT in 10 mMTris–HCl buffer (pH 7.4) unless otherwise indicated. For
pH dependent reactions, a combination of acetate, borate, and citrate
(ABC) buffers were used as described in our previous studies [28]. Salt
concentrations were chosen based on estimates of GAG sulfate
concentration from the literature [14–21,33,42,43]. Any preformed
aggregates were removed from protein stocks prior to fibril formation
assays by ultracentrifugation to the sedimentation time of a 0.5S
particle [44]. Elongation (seeded) experiments included 1.0 μL of fibril
seeds in each well. The seeds were prepared as described above,
washed twice in 10 mM Tris–HCl (pH 7.4), and sonicated for 5 min in
a Branson model 8510 bath sonicator prior to the start of the reaction.
Only interior wells of the 96-well plates were used for experiments;
the exterior wells were filled with buffer to delay evaporation over
time. Total volume for each reaction was 260 μL. The average of the
triplicate wells was range scaled. t50 values represent the midpoint of
the exponential phase of the reaction, the time where fibril formation
is 50% complete. Further calculations for the fibril formation assays
were not done, as they required the assumption of too many as yet
unknown mechanistic details.

4.5. Isothermal calorimetry (ITC)

ITC was performed with a VP-ITC titration calorimeter (Microcal,
Northampton, MA). Soluble protein was prepared in 10 mM Tris–HCl
(pH 7.4) with 150 mM NaCl for a final concentration of 40 μM. Fibrils
were prepared as described for fibril seeds and washed twice with
10 mM Tris–HCl (pH 7.4) containing 150 mM NaCl. For calculation
purposes, fibril concentration was estimated to be 20 μM. GAGs and
GAG-like molecules were prepared in the same buffer at concentra-
tions of up to 8 mg/mL for polysaccharide heparin, 5.4 mg/mL for
heparan sulfate, and 10 mg/mL for dextran sulfate. A 298 μL syringe
was used to deliver the GAGs in 58 injections (1 at 3 μL followed by 57
at 5 μL) into the calorimetric cell containing 1.41 mL of either the
precursor protein or fibrils. ITC experiments were performed at both
25 and 35 °C and at multiple concentrations of protein and ligand.
Control titrations were done to measure the heat arising from the
injection of GAGs into the solution.

4.6. Electron microscopy (EM)

A3 μlfibril samplewasplaced ona 300meshcopper formvar/carbon
grid and air-dried. The sample was negatively stained with 4% uranyl
acetate, washed, air-dried and inspected on a Philips Tecnai T12
transmission electron microscope at 80 kV.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bpc.2011.05.011.
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