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ABSTRACT: Charged polyelectrolytes such as glycosaminoglycans and nucleic acids have frequently been
found associated with the proteinaceous deposits in the tissues of patients with amyloid diseases. We
have investigated the nature and generality of this phenomenon by studying the ability of different
polyanions, including DNA, ATP, heparin, and heparan sulfate, to promote the aggregation of
amyloidogenic proteins and to bind to the resulting aggregates. Preformed amyloid fibrils of human muscle
acylphosphatase and human lysozyme, proteins with a net positive charge at physiological pH values,
were found to bind tightly to the negatively charged DNA or ATP. The effects of the polyelectrolytes on
the kinetics of aggregation were studied for acylphosphatase, and the presence of ATP, DNA, or heparin
was found to increase its aggregation rate dramatically, with a degree dependent on the net charge and
size of the polyanion. Magnesium or calcium ions were found to attenuate, and ultimately to suppress,
these interactions, suggesting that they are electrostatic in nature. Moreover, heparin was found to stabilize
the aggregated state of acylphosphatase through compensation of electrostatic repulsion. Noteworthy,
differences in affinity between native and aggregated acylphosphatase with heparin suggest that amyloid
fibrils can themselves behave as polyelectrolytes, interacting very strongly with other polyelectrolytes
bearing the opposite charge. Within an in vivo context, the strengthening of the electrostatic interactions
with other biological polyelectrolytes, as a consequence of protein misfolding and aggregation, could
therefore result in depletion of essential molecular components and contribute to the known cytotoxicity
of amyloid fibrils and their precursors.

Amyloid diseases are characterized by the deposition in aamyloid precursor proteins has been established in many
variety of tissues of specific proteins as aggregated speciescases, the ability of these polymers to promote fibrillogenesis
that share a distinctive fibrillar ultrastructure<3). Although has been investigated for only a few peptides or proteins,
amyloid deposits are predominantly proteinaceous, as dem-such as the A peptides 8, 9), tau @0, 11, a-synuclein
onstrated by Friedreich and Kekule in 18549),(careful (12), and32-microglobulin @3).
examination of diseased tissues has revealed the presence GAGs are not, however, the only polyanions found to be

of a significant quantity of polysaccharide species associatedassociated with amyloid fibrils. In the brain tissue from
with the deposits. These polysaccharides belong to theyictims of Alzheimer's disease, for example, nucleic acids
glycosaminoglycan family (GAGsand are long unbranched  have been detected in neurofibrillary tangles, intracellular
chains of repeating disaccharide units. Among these speciesinclusions primarily composed of the tau protein, as well as
heparan sulfate is the most common, being found in a varietyin senile plaques composed of theB Apeptides {4).

of amyloid disorders including Alzheimer’s disease, type Il Moreover, it has been shown that RNA is able to stimulate
diabetes, I|ght chain amy|0idOSiS, and the prion related the aggregation of tau]_q_, 15 and to induce the conversion
diseases5—7). While direct binding of heparan sulfate or of PrF° to Prese (16), while DNA can promote fibril
heparin, the hypersulfated form of heparan sulfate, to soluble fgrmation bya-synuclein (7). Interestingly, DNA can bind
strongly after cell lysis to the amyloid-like Curli fibrils of

" This work was supported by grants from the Wellcome and Escherichia coli(18), and ATP has been found to promote

Leverhulme Trust, from the European Commission (Research Director- : e : :
ates, Project HPRN-CT-2002-00241), and from the Italian MIUR (PRIN (1€ formation of fibrils of A6 peptide and amylin1(@, 20.

2003025755 003 and FIRB RBAVO15B47). Despite the ubiquitous presence of polyanions in amyloid

* To whom correspondence should be addressed. E-mail: cmd44@ deposits, the degree of specificity and the nature of the
Ca%anﬁ\',tékr'sirf 'g,?é‘;(rﬂ{,lr?dzgs‘g_ 63070. Fax:44(0)1223336362. interactions involved are controversial. While attempts to

$ Universitadegli Studi di Firenze. identify a heparin binding consensus sequence within amy-
! Abbreviations: AcP, human muscle acylphosphatase; ATR-FTIR, |oidogenic precursors have been challengii@y &everal

attenuated. total reflection Fourier tran.sform infrared; bzP, penzoyl studies have demonstrated the importance of electrostatic
phosphate; GAGs, glycosaminoglycans; HL, human lysozyme; ssDNA

and dsDNA, single and double stranded DNA, respectively; TFE, 2,2,2- interactions in the binding of polyanions to amyloid fibrils
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all the sulfate groups from heparin leads to a complete lossof 5 nm. The presence of fibrils in the various samples was
of the enhancement ofApeptide aggregation observed for confirmed by EM. For the amorphous aggregates, 0.3 mg/
heparin itself 23). mL HL was heated at 42C overnight in PBS and 20 mM

To shed further light on the various features underlying DTT.
the interactions with amyloid fibrils, we have examined the ~ AcP Fibril Formation and Aggregation KineticAggrega-
binding properties of single-stranded (ss) and double-strandedion of AcP was initiated by incubating the protein at a
(ds) DNA, ATP, heparin, and heparan sulfate, which are concentration of 0.4 mg/mL~35 uM) in 25% (v/v) 2,2,2-
representative of three major nonproteinaceus biological trifluoroethanol (TFE), 50 mM sodium acetate buffer, pH
polyanions, i.e., nucleic acids, nucleotides, and GAGs. These3.5, 25°C. The polyanion assay solutions were prepared by
polyanions differ significantly from each other in terms of first dissolving specific quantities of DNA, AMP sodium sallt,
being highly structured (nucleic acids) or unstructured ADP sodium salt, ATP sodium salt, ATP magnesium salt,
(GAGSs), intracellular (nucleic acids, nucleotides) or extra- Polylysine, heparin or heparan sulfate in 50% TFE, 50 mM
cellular (GAGs), in bearing different charged groups (phos- sodium acetate, and then by adding, in each case, a volume
phates or sulfates) and in having high (GAGs, nucleic acids) of the resulting solution to the same volume of a solution
or low (nucleotides) molecular weights. The binding proper- containing AcP (0.8 mg/mL, 50 mM sodium acetate). To
ties of these polyanions to preformed amyloid fibrils as well test the effect of salts, AcP was incubated under these
as their ability to promote protein aggregation were inves- conditions but in the presence of 0.1 mg/mL heparin and
tigated. Two substantially different systems, both of which 100 mM MgSQ or CaCh.
have been shown to form well-defined amyloid fibrils in vitro ~ Disaggregation Kinetics of AcRAfter incubating AcP for
(25, 26, were used: human muscle acylphosphatase (AcP),120 min under the aggregation conditions described above,
which is not linked with any pathologic condition, and human the protein was diluted 5-fold with 50 mM sodium acetate
lysozyme (HL), several of whose variants are associated with buffer, 0.1 mg/mL heparin, pH 5.5 to 0.08 mg/mL, 5% TFE
a familial form of non-neuropathic amyloidos&7-29). All (VIv).
the polyanions used in this study were found to bind with ~ Thioflazin T (ThT) AssayDuring the aggregation process,
high affinity, but low specificity, to preformed amyloid 60 uL aliquots of the sample were mixed at regular time
aggregates of AcP and HL and also to increase the aggregaintervals with 440uL of 50 mM acetate buffer, pH 5.5,
tion rate of partially unfolded AcP. Inhibition by magnesium 25 °C, containing 25M ThT. During the disaggregation
or calcium salts of the binding and of the aggregation rate process, 30Q.L aliquots of the sample were withdrawn at
enhancement supports the idea that these interactions aréegular time intervals and mixed with 208 of 50 mM
primarily electrostatic in nature. Most importantly, the acetate buffer, pH 5.5, 2%C, containing 11Q:M ThT. A
increase in the aggregation rate of AcP in the presence ofCary Eclipse spectrofluorimeter (Varian Ltd., Oxford, U.K.)
polyanions appears to be dependent on the length and totaWith excitation and emission wavelengths of 440 and 485

charge of the various polyelectrolytes. nm, respectively, was used to determine ThT fluorescence
values. Single-exponential functions were fitted to the kinetic
EXPERIMENTAL PROCEDURES plots reporting the measured ThT fluorescence versus time
in order to determine the apparent aggregation rate constants.
Materials, Protein PrOdUCtion, and PurificatiofPorcine Enzymatic Act"ty Assay Seven microliter a"quots of

intestinal heparin (grade I-A, molecular weight 18 000), HL, samples containing 0.4 mg/mL AcP, 50 mM sodium acetate,
heparan sulfate from porcine intestinal mucosa (molecular incubated at different heparin concentrations {0mg/mL)
weight 7500), polylysine (molecular weight 70660  for 1 day, were mixed with 1 mL of 0.1 M acetate buffer,
150 000), AMP, ADP (sodium salts), and ATP (sodium and pH 5.5, 25°C, containing 3 mM bzP. The enzymatic activity
magnesium salts) were obtained from Sigma-Aldrich (Gill- of AcP was measured by a continuous spectrophotometric
ingham, U.K.); ssDNA (41 bp) was purchased from Operon method, using benzoyl phosphate (bzP) as substrate as
(Cologne, Germany). pRSET-B plasmid DNA (2.9 kbp) was previously described3@). A Varian Cary 400 spectropho-
linearized by restriction endonuclease digestion \BigmHI| tometer and a wavelength of 283 nm were used to follow
(New England Biolabs, Hitchin, U.K.). The resulting dsDNA  the real-time decrease in absorbance resulting from the bzP
was purified with a Qiagen purification column. Expression hydrolysis. Each point of the plot in Figure 4c refers to the
and purification of wild-type AcP were carried out according sjope extrapolated from the linear phase of each activity
to the procedures described previous§)( The cysteine at  measurement (average of three experiments) against heparin
position 21 was replaced by serine in order to avoid concentration. To test the effect of salts, AcP was incubated
complexities arising from the presence of a free thiol ynder the conditions used above in the presence of 0.1 mg/
group: the resulting mutant is described here as the wild- m heparin and different concentrations of magnesium or
type protein as in previous studiedl). Protein concentration  calcium acetate (0.061100 mM), pH 5.5, 25°C.

was measured by UV absorption usiago values of 1.49 DNA Binding AssayTo study interactions of fibrils with
mL mg~t cm™. For HL, 1 mg of protein has an absorbance sspNA, preformed amyloid fibrils or aggregates were
of 2.55 at 280 nm32). centrifuged and resuspended to give final solutions containing

HL Fibril Formation. Wild-type HL at a concentration of ~ 0.35-0.7 mg/mL HL fibrils (corresponding to a monomeric
0.1 mg/mL ¢7 uM) was incubated in 0.1 M citrate buffer  concentration of 2550 uM, respectively), 0.351.4 mg/
pH 5.0, 3 M urea, at 58C with stirring in a Cary Eclipse = mL HL amorphous aggregates (corresponding to a mono-
spectrofluorimeter (Varian Ltd., Oxford, U.K.). The excita- meric concentration of 25100uM, respectively), or 0.8 mg/
tion wavelength was 500 nm, and changes in fluorescencemL AcP fibrillar or prefibrillar aggregates (corresponding
emission intensity were monitored at 500 nm with slit widths to a monomeric concentration of 7Z®/4), and 0.2 (20 uM)
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or 0.1 mg/mL (10 uM) DNA, respectively. Following
incubation fo 1 h at 25°C, the samples were centrifuged
and 10uL aliquots of the supernatants analyzed on a 2% or
0.8% agarose E-gel (Invitrogen, Paisley, U.K.). DNA was
visualized through its interaction with ethidium bromide. To

test the effect of salts, some samples were incubated in the

presence of increasing concentration of MgS® CaCh
(10—360 mM).

ATP Binding AssayHPLC pumps (LC-10AD), detector
(SPD-M10AVP diode array) and controller (SCL-10A) were
from Shimadzu. A Brownlee HPLC column (Perkin-Elmer)
Aquapore RP-300-7UM 0.4 25 cm (C8 reverse phase)
was used. The mobile phase was double-distilled water
containing 0.1% TFA. Preformed amyloid fibrils were
centrifuged and resuspended to give 10final solutions
containing 0.2 mg/mL HL fibrils or 0.8 mg/mL AcP fibrils
and 200uM ATP. Following incubation fo 1 h at 25°C,
samples were centrifuged and 8@ aliquots of the
supernatant were analyzed by HPLC. To test the effect of
salts, the remaining 20L aliquots together with the pellet
were added to 8@L solutions containing different concen-
trations of MgSQ (0.005-250 mM), incubated for 1 h, then
centrifuged and 8QuL aliquots of the supernatant were
analyzed by HPLC. The effective quantity of ATP released

was calculated by subtracting the areas of the peaks corre-

sponding to ATP not bound to the fibrils from the total area
of ATP peak in the reference sample, and considering this
quantity as the maximum ATP available for release after
addition of MgSQ.

Intrinsic FluorescenceA Varian Cary Eclipse spectro-
fluorimeter with excitation and emission wavelengths of 230
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Ficure 1: DNA and amyloid fibrils. (a) Agarose gel electrophoresis
of free ssDNA present in the solution after centrifugation following

and 344 nm, respectively, was used to record the fluorescencéncubation fo 1 h with 0.7 mg/mL of preformed HL fibrils

intensities of protein samples.

Attenuated Total Reflection Fourier Transform Infrared
(ATR-FTIR) Spectroscop#TR-FTIR spectra were recorded
using a Bruker Equinox55 spectrometer (Ettlingen, Germany)
equipped with a liquid Mcooled MCT detector, and purged
with a continuous flow of Bgas. A BioATRCell Il accessory
from Bruker was used as a sampling system. Spectra wer
measured at 2%C and, for each sample, 256 interferograms
were accumulated at a spectral resolution of 2tr8pectra
of the buffers were recorded under conditions identical to
those of the protein samples and automatically subtracte
from the spectra of the proteins using Bruker Protein

(corresponding to a monomeric concentration ~050 xM) at
different salt concentrations. Lanes: 1, ssDNA only (&20); 2,
HL fibrils + 20 uM ssDNA (no MgSQ); 3, 20uM ssDNA only
(10 mM MgSQ); 4, HL fibrils + 20uM ssDNA (10 mM MgSQ);
5, 20uM ssDNA only (250 mM MgS@); 6, HL fibrils + 20 uM
ssDNA (250 mM MgSQ); 7, 20 uM ssDNA only (360mM
MgSQy); 8, HL fibrils + 20 uM ssDNA (360 mM MgSQ). (b)
Agarose gel electrophoresis of free ssDNA present in the super-

€natant after centrifugation following incubationrf@ h with 0.8

mg/mL of preformed AcP aggregates (corresponding to a mono-
meric concentration of 70M) that were preincubated for different
lengths of time. Lanes: 1, ssSDNA only (1M); 2, AcP fibrils (2

dh) + 10 uM ssDNA,; 3, AcP fibrils (1 day+ 10 uM ssSDNA, 4,

AcP fibrils (1 week)+ 10 uM ssDNA,; 5, AcP fibrils (1 month)+
10 uM ssDNA. (c) Agarose gel electrophoresis of free ssSDNA

Dynamics software. Spectra were baseline corrected and thempresent in the supernatant after centrifugation following incubation

normalized, such that the minimally occurriggralue was
set to zero and the maximally occurringvalue to 2
absorbance units.

RESULTS

DNA and Amyloid Fibrils.To study the nature of the
interactions of polyanions with amyloid fibrils, the ability
of preformed fibrils of HL to bind to sSDNA was first tested.
A solution of 0.2 mg/mL (2QuM) ssDNA (41 bases) was
incubated at pH 7.0 fol h with 0.7 mg/mL HL fibrils
(corresponding to a protein monomer concentration-50
uM) and then centrifuged to remove the fibrils from solution.

for 1 h with different concentrations of preformed fibrils and
amorphous aggregates of HL. Lanes: 1, ssSDNA only/®D; 2,
amorphous HL aggregates (0.35 mg/mk) 20 uM ssDNA; 3,
amorphous HL aggregates (0.7 mg/mit) 20 uM ssDNA,; 4,
amorphous HL aggregates (1.4 mg/mt)20 uM ssDNA; 5, HL
amyloid fibrils (0.35 mg/mL)+ 20 uM ssDNA; 6, HL amyloid
fibrils (0.7 mg/mL)+ 20 uM ssDNA.

the fibrils (Figure 1a). Under the conditions of this experi-
ment, the net charge of monomeric HL+48 while a single
molecule of ssDNA is strongly negative-41). To explore
the role of electrostatics in the binding, we repeated the
experiment in the presence of concentrations of MgSO

The resulting supernatant was analyzed using an agarose geianging from 10 to 360 mM (Figure 1a). Interaction of these
containing ethidium bromide. The gel did not reveal any cations with ssDNA that has not been preincubated with
residual DNA in the supernatant, suggesting that all the amyloid fibrils causes rearrangements of the linear structure
ssDNA that was initially present in solution was bound to of ssDNA resulting in band smearing; preincubation with
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fibrils and 360 mM_ MgSQ, however, I_eads to an increase Table 1: Aggregation of AcP in the Presence of Different
in the concentration of free DNA in the supernatant, polyanions
suggesting the involvement of Coulombic interactions in the

ratio of

binding between HL fibrils and ssDNA. CaChad a charges approx

comparable effect to MgSOComplete removal of DNA (=/4+)* molwt Kagg(s™1)P

from solution was also observed after incubation of 0.2 Mg/ ‘standard conditioris (7.3+ 0.5) x 10°4

mL HL fibrils (corresponding to a monomeric concentration 0.05 mg/mL ssDNA 0.91 12500>0.1¢

of ~15 uM) with ~2.9 kbp long linear or circular dsDNA 1 mM AMP 5.5 350  (9.9:0.5)x 10‘3‘

(25 nM), suggesting that binding involves the phosphate imM ADP 111 430 (1.3:0.5)x 103

mM ATP (~0.5 mg/mL)  16.6 510 (1.%0.5)x 10

groups rather than heterologous hydrogen bonds between the) o1 mg/mL heparin 0.39 18000 (2£20.5)x 10

DNA bases and the fibrils. 0.1 mg/mL heparin 3.9 (1.£0.5)x 102
To investigate further the specificity of the binding 1 mg/mL heparin 39.4 (2£05)x 10°®

interactions, 0.1 mg/mL of the same ssDNA (@®1) was aRatio between the total number of net charges of the various

incubated with 0.8 mg/mL of preformed amyloid fibrils of ~polyanions (negative) and net charges of AcP (positiv@he rate
AcP (corresponding to a monomeric concentration of 70 constant for aggregation measured as described in Experimental

- . Procedurest 0.4 mg/mL AcP, 25% TFE (v/v), 50 mM sodium acetate,
#M). A reduction of ssDNA in the supernatant was found pH 5.5, 25°C. ¢ A more specific value could not be determined in this

after centrifugation, a finding similar to that observed in the case since the aggregation process was complete within the dead time
experiment involving HL (Figure 1b). Like HL, AcP is  of the experiment (1 min).

positively charged+5) under the conditions used in these
experiments. In this case, however, not all the ssDNA was ATP and Amyloid FibrilsThe ability of amyloid fibrils
carried down by the fibrils because the DNA binding was to bind to ATP was also tested, partly because the monomeric
limited by the quantity of amyloid fibrils; at higher AcP/  units of nucleic acids are nucleotides, but also because this
DNA ratios the entire population of DNA molecules was polyanion is abundant in the cytoplasm~(10 mM), being
found to be associated with the fibrils (Supporting Informa- the most important source of cellular energy. ATP (204)
tion). To examine the importance of the morphological was incubated with preformed and concentrated amyloid
character of the fibrils, experiments were also carried out fibrils of HL (0.2 mg/mL, corresponding to a monomeric
with prefibrillar aggregates of AcP that formed within 2 h  concentration of 1xM) or AcP (0.8 mg/mL, corresponding
of incubation in 25% TFEZ5). No difference was observed to a monomeric concentration of Z®) for 1 h. The samples
in the quantity of bound ssDNA after incubation with this were subsequently centrifuged, and the supernatants were
form of aggregated AcP compared to the more fibrillar analyzed using HPLC. Only a very small amount of ATP
species, implying that the binding is relatively nonspecific (<5%) remained in solution after centrifugation (Figure
in character (Figure 1b). However, we do not know yet the 2a,b); resuspension of the pellets in 250 mM MgSO
extent of conformational differences between prefibrillar and solutions, however, led to the complete release of ATP from
fibrillar aggregates of AcP; although they appear morpho- the fibrils, i.e., all the ATP present in the samples was found
logically different by electron microscopy, no significant in the supernatants after further centrifugation of the samples
changes in the content Bfsheet structure were previously (Figure 2a,b). A gquantitative plot of released ATP versus
observed by circular dichroism between these spe@®s (  Mg?" concentration sets the maximum concentration for
To test the binding specificity of ssDNA to amyloid release at 2650 mM (Figure 2c). The release of ATP can
aggregates, 20M ssDNA was incubated in the presence of be attributed to the ability of M ions to compete with the
increasing concentrations of preformed non-amyloid ag- positively charged fibrils for binding to ATP, suggesting that
gregates of HL, ranging from 0.35 to 1.4 mg/mL. While HL the interaction between ATP and amyloid fibrils is based
amyloid fibrils were found to bind sSSDNA in a concentration on strong, but reversible, electrostatic interactions.
dependent manner, no change was seen in the amount of To investigate whether ATP has any effect on the
free ssDNA for the amorphous aggregates (Figure 1c). In aggregation rate of AcP, and if the negatively charged
conclusion, these results suggest that the affinity of sSSDNA phosphate groups are involved in binding to the aggregates,
is higher for ordered aggregates containing a high contentAcP was incubated at a concentration of 0.4 mg/mlu(8h
of -sheet structure than for less structured aggregates. in 25% TFE, 50 mM sodium acetate, pH 5.5, 45 in the
Experiments were also carried out to probe the effect of presence of 1 mM ATP~0.5 mg/mL), 1 mM ADP or 1
DNA on the kinetics of aggregation. The results show that mM AMP. The process was followed by monitoring the
as little as 0.05 mg/mL ssDNA (&M) can cause a very changes in ThT fluorescence, and a single exponential
significant enhancement of the aggregation rate of AcP underfunction could be fitted to the time courses to obtain the
appropriate conditions (Table 1), i.e., at a concentration of apparent aggregation rate constants (Figure 3a and Table 1).
0.4 mg/mL AcP (35uM) in 25% TFE, 50 mM sodium A plot of rate constant versus the number of negatively
acetate, pH 5.5, 25C (25). Aggregation of AcP can be charged phosphate groups in the added nucleotide shows a
followed by monitoring changes in the intrinsic or ThT significant linear correlation (Figure 3b), thus highlighting
derived fluorescence. Since DNA alone leads to an increasethe substantial contribution of electrostatic interactions to the
in ThT fluorescence intensity that is much higher than that nucleotide-induced acceleration of AcP aggregation. A
resulting from the aggregates, the former methodology was control experiment carried out using the magnesium salt,
chosen to monitor aggregation. The process of aggregationrather than the sodium salt, of ATP showed no significant
of AcP in the presence of 0.05 mg/mL ssDNA was extremely differences in the kinetic profile of AcP aggregation with
fast, being complete within the dead-time of the experiment respect to the experiments carried out in the absence of ATP.
(~1 min). This result can be attributed to the specific ability of the
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present in the supernatant after centrifugation following incubation = 20 [
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concentration of~15 uM) and 0.8 mg/mL (corresponding to a 0
monomeric concentration of #M), respectively. Solid line: ATP ) )
only. Dotted line: ATP+ amyloid fibrils. Dashed line: ATP Time (min)

released from fibrils after resuspension of the pellets in solutions £ re 3: Effect of nuclectides and polvlvsine on the aggregation
of 250 mM MgSQ and further centrifugation. (¢) Amount of ATP ¢ Acp "(a, c) Aggregation of AcP rr:m)r/li)t/ored by ThT %gssa%/. (a)
previously bound to HL fibrils and released upon addition of g 4 mg/mL 'AcP was incubated in 25% TFE, 50 mM sodium acetate,
different concentrations of MgSO pH 5.5, 25°C, in the absence (crosses) or presence of 1 mM AMP

) ) . o . (circles), ADP (diamonds), or ATP (triangles), respectively. (b)
Mg?* ion to bind tightly to ATP. No significant differences  Correlation between the rate constant for AcP aggregation and the
in the maximum intensity of ThT fluorescence were detected number of phosphate groups of the nucleotide added to the sample

i ; at a concentration of 1 mMy(P) = 0 (AcP only), 1 (AcP+ AMP),
for samples incubated in the presence or absence of ATP,2 (AcP-+ ADP), 3 (AcP+ ATP). (c) 0.4 mg/mi. AcP was incubated

ADP, or AMP' . in 25% TFE, 50 mM sodium acetate, pH 5.5,%25 in the absence
As negative control experiment, we have tested the effect (circles) or presence of 0.1 mg/mL polylysine (triangles), 1 mM

of a positively charged polyelectrolyte such as polylysine ATP (diamonds) or 1 mM ATP and 0.1 mg/mL polylysine (crosses),

on the aggregation rate of AcP. Strikingly, when the respectively.

aggregation of AcP was carried out in the presence of 0.1

mg/mL polylysine, the rate of aggregation was significantly the aggregation of a positively charged protein. Following

reduced (Figure 3c). This result not only suggests that this result, we have tested the effect of polylysine on the
polyanions promote the aggregation of positively charged enhancement in the rate of aggregation of AcP due to the
proteins by compensation of electrostatic repulsion, but also presence of ATP. The aggregation of AcP was carried out
shows that polycations, on the other hand, can strongly inhibit in the presence of 1 mM (0.5 mg/mL) ATP with or without
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the addition of 0.1 mg/mL polylysine. In this case, however,

where a sum of the effects due to ATP and polylysine would  (a)
have been expected, no significant change in the rate of
aggregation of AcP was observed in the presence or absenc
of polylysine (Figure 3c). Compared to the effect caused by
the presence of magnesium, polylysine appears to be les:
effective at decreasing the accelerating effect of ATP on the
aggregation of AcP, probably because of the high intrinsic
metal binding affinity of ATP for magnesium (constant
affinity per mole 9554), or because, under the conditions
used here, the approximate number of total positive charges
for polylysine (7x 10-4mL) was lower than for magnesium

(2 x 1073/mL).

Glycosaminoglycans and Amyloid Fibril§he effects of
heparin and heparan sulfate on the aggregation behavior of
AcP were explored to determine if the effects observed for
DNA and ATP on positively charged amyloid fibrils are a
consequence of nonspecific electrostatic interactions betweer
polyelectrolytes or of specific binding. AcP was incubated
under the standard conditions for aggregation (a concentra-
tion of 0.4 mg/mL in 25% TFE, pH 5.5, 28C) in the
presence and absence of different concentrations of heparir
or heparan sulfate, ranging from 0.01 to 1 mg/mL. Samples
of AcP that had aggregated in the presence or absence o
heparin were also analyzed by EM and did not reveal
significant differences in morphology (Supporting Informa-

1700 1680 1660 1640 1620 1600

Wavenumber (cm'1 )

-
tion). CD analysis also showed the typical spectrum char- ;—U'
acteristic ofg-sheet structure (Supporting Information). The §§‘ 23
aggregation behavior of AcP in the presence of 0.01, 0.1, '© o
and 1 mg/mL heparin was followed by monitoring changes E % 3 E*
in ThT fluorescence intensity, and the resulting rate constants® E X
were determined from the experimental time courses of these% ° 25
measurements (Table 1). Heparin was found to accelerate5 < KRy
dramatically the aggregation of AcP, with the highest rate ‘ . . . . S
constant obtained at a heparin concentration of 0.1 mg/mL. 0 0 0.2 0.4 0.6 0.8 1 B
Incubation of native AcP in the absence of TFE and in [heparin] (mg/ml)
the presence of different concentrations of heparin results
in precipitation, a phenomenon observed for many other __ 190 — T . T . 3
proteins under similar circumstancé&l); ATR-FTIR spectra >3 a0 b () ]
recorded for the precipitated protein are similar to that of % 2
) ) ! e @ [ ¢
native AcP in solution in the absence of heparin, indicating < 2 6o i
that the protein retains its native structure upon binding to % g .
heparin (Figure 4a), although enzymatic activity assays show E © 40 :’g ]
that the precipitated AcP is not catalytically active. The 2% ,5| 1
maximum quantity of precipitated native protein, measured e [
from the increase of the intensity of the ATR-FTIR spectrum 0 '6 T T T e T T oo -1'20

of the pellet and from the decrease in enzymatic activity of
the supernatant after centrifugation, was at approximately
0.1 mg/mL of heparin (Figure 4b). The repeat unit of the _ _ ) )
heparin chain is generally assumed to be a pentasaccharid§|GURE 4: Interaction of native AcP and heparin. AcP at a

. ; oncentration of 0.4 mg/mL, in 50 mM acetate buffer, pH 5.5, 25
sequence composed of thregglucosamines and two idu-  oc| was incubated at different concentrations of heparin. (a) FTIR

ronic acids, with a molecular weight of 1400 and a net charge amide | spectra of native AcP in the presence of heparin. The blue
of —10 at neutral pH, resulting from eight sulfate groups line refers to the native state in the absence of heparin; lines in
and two carboxylate groups. A heparin concentration of 0.03 other colors indicate data for different concentrations of heparin

: : added to native AcP: cyan, 0.01 mg/mL; purple, 0.03 mg/mL;
mg/mL would give approximately the same number of black, 0.1 mg/mL; orange, 0.5 mg/mL; red, 1 mg/mL. Spectra were

negative net charges as the number of net positive chargesormalized to the minimum and maximum absorbance values in
contributed by AcP, at the protein concentration and solution each experiment. (b) Changes of enzymatic activity of the super-
pH used in this experiment. Under conditions in which the natant (crosses) and ATR-FTIR intensity at 1652 &fdiamonds)
native state of AcP is stable, the extent of AcP aggregation gf the fﬁ“et ?f Ac(P)rScordedd after 'f”tﬁUb.a:'o“ ftc." 1bd"’t‘\3glf°”°wetd
A . . . y centrifugation. (c) Dependence of the interaction between native
is limited by the concen.tratlon of heparlin until the Ia'tter. AcP and heparin on salt concentration: enzymatic activity of AcP
reaches 0.1 mg/mL; at higher concentrations of heparin, inin the presence of 0.1 mg/mL heparin and the indicated concentra-
which a smaller number of AcP molecules per heparin chain tions of magnesium acetate, pH 5.5, Z5.

[Mg*'] mM
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1000 7+ 7 77— higher fluorescence intensity observed2Q-fold) in the
I (a) ] presence compared to the absence of 1 mg/mL of heparin is
: % ] very likely due to a higher degree of order within the
i ] aggregates. A similar increase in intensity (4-fold), although
b3 ] not as marked as for heparin, was observed when heparan
sulfate was added to the solution under the same aggregating
conditions (Figure 5a). Heparan sulfate, whose net negative
charge is lower than that of heparin (an average binstead
400 L ] of —4 per disaccharide unit), was also found to be less
effective in binding to the native state of AcP.
I ] As observed for DNA and ATP, the presence of magne-
200 L% . ¢ . sium or calcium salts in the solution (100 mM Mg(eH
¢ 1 COO), Ca(CHCOO), MgSQ, or CaC}) leads to a
E? ] substantial decrease in the amount of native AcP bound to
S 'Of4' : '0_'6' ' '0_'8' o 1' S heparin under nonaggregating conditions96% of the
) protein is unbound), and to a considerable reductio806)
[glycosaminoglycan] (mg/ml) in the ThT fluorescence intensity of the aggregates under
700 : : : aggregating conditions (Figures 4c and 5b). However, while
(b) 100 mM magnesium salt is able to keep 95% native AcP
600 - free in solution, the same concentration is not as effective
in inhibiting the binding of partially unfolded/aggregated AcP
500 - . to heparin, reducing ThT intensity by only 60%. In addition,
as shown previoushy3(7), disassembly of the aggregates and
400 . refolding to the native state occurs when a solution containing
aggregates of AcP is diluted from 25% TFE to 5% TFE,
300 - . i.e., changing from unfolding to refolding conditions. How-
ever, when aggregates of AcP formed in 25% TFE in the
] presence of 0.1 mg/mL heparin were diluted 5-fold into a
solution of 5% TFE and 0.1 mg/mL heparin, the ThT
100 | g fluorescence intensity remained much highet 8-fold) than
|—l—| that which could be accounted for by the binding of heparin
) : : J to native AcP. In addition, no decrease in intensity is
Heparin +  Heparin +  Heparin + No Heparin observed over time, suggesting that heparin strongly stabi-

Noadded ~ 100mM 100 mM  No added lizes the aggregated state of AcP.
salts MgSD4 CaCI2 salts

600 -

ThT Fluorescence Intensity (a.u.)

o] 0.2

s

==

e

200

ThT Fluorescence Intensity (a.u.)

FIGURE 5 Effect of GAGs on the aggregatiqn of AcP. (a) Changes DISCUSSION
in ThT fluorescence intensity after incubation of 0.4 mg/mL AcP High Affinity, Low SpecificityThe results described in this

in 25% TFE, 50 mM sodium acetate, pH 5.5,%%5 and at different study show that aggregates of two different positively

concentrations of heparin (crosses) or heparan sulfate (circles), . L -
respectively. (b) Dependence of the interaction between the charged proteins, one of which is, and one of which is not,

aggregation prone state of AcP and heparin on salt concentration:'€lated to amyloid disease can bind tightly to low (ATP) or
AcP was incubated in 25% TFE, 50 mM sodium acetate, pH 5.5, high (DNA) molecular weight polyanions, and that either
25°C, in the presence of 0.1 mg/mL heparin and 100 mM M@SO  prefibrillar or fibrillar aggregates of AcP bind to DNA.
or CaC}. The ThT fluorescence intensity is that observed at the Interestingly, association and coprecipitation of DNA and
end of the aggregation process. e e

heparin with amyloid fibrils has also recently been observed

for a-synuclein, a natively unstructured protein whose
is bound, the formation of aggregates is likely to be inhibited aggregation is associated with Parkinson’s diseh2e1(7).
by repulsion occurring between the segments of the heparinMoreover, DNA, ATP, and heparin are all able to promote
chains not involved in the binding, thus increasing the the aggregation of AcP and the formation of amyloid
likelihood of the dissociation of any AcFheparin com- structures. Despite the fact that no consensus sequence of
plexes. This behavior resembles the nonmonotonic ionic the type found for serum amyloid A protein (SAA) oA
strength dependence of the binding constant observed forpeptide ¥) is present in AcP (XBBXBX, X hydrophatic, B
some proteif-polyelectrolyte systems, where there is a peak basic), heparin appears to interact with both native and
rather than a plateau corresponding to the highest affinity partially unfolded states of the protein. The interactions
(35, 36. between these polyanions and proteins therefore appear to

Under conditions promoting the aggregation of AcP, the be largely nonspecific, with no obvious dependence on link

addition of increasing quantities of heparin causes a dramaticto disease, type of charged groups, polyanion structure,
increase in the maximum ThT fluorescence intensity (Figure aggregate morphology, and structure of the precursor protein.
5a). This increase in intensity can be attributed either to an Despite of this lack of specificity, however, our results
increase in the quantity of aggregated protein or to a higher suggest a relatively high affinity between amyloid fibrils and
degree of order within the aggregates. Since in 25% TFE polyanions, as shown, for example, by the fact that high salt
AcP is partially unfolded, and most of the molecules concentrationsX100 mM of magnesium salts) are needed
aggregate even in the absence of hepadir),(the much to suppress the binding. It has been shown, however, that
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the degree of interaction between amyloidogenic proteins andtions of AMP, ADP, and ATP on the aggregation rate of
polyanions can depend on the specific features of the systemAcP (Table 1 and Figure 3b).

concerned12, 13, 21, 23

In agreement with previous studies showing that GAGs
are able to stabilize A peptide fibrils 8) and to inhibit
depolymerization of52-microglobulin fibrils (L3), heparin

A number of recent studies have demonstrated that a
reduction in the overall net charge of a protein enhances its
rate of aggregatior88—40). Such a conclusion suggests that
polyanions may promote the aggregation of positively

appears to stabilize AcP aggregates and maintain the proteircharged proteins by compensating the electrostatic repulsions

in a misfolded conformation, as indicated by the lack of

between protein monomers. Indeed, an increase in ionic

significant disassembly when the aggregates are exposed tstrength has been found to promote fibril formation in a
disaggregating conditions. This result suggests that the effectsvariety of proteins 21, 24, 4); interestingly, the order of
observed here are general and not limited to a small numbereffectiveness of anions in promoting aggregationsaf

of proteins.
Electrostatic InteractionsThe interactions between amy-
loid fibrils, formed by AcP and HL, and polyanions are

microglobulin at low pH follows the electroselectivity series
(SO > ClO4~ > I~ > CI), indicating that anions facilitate
assembly of positivgg2-microglobulin molecules by direct

suppressed or reduced in the presence of increased ionibinding rather than a generalized effect of ionic strength. (
strength, a result that suggests the dominance of electrostatiSmall polyanions such as ATP are likely to behave like

factors in the binding. That these effects are largely
nonspecific is illustrated by the fact that different bivalent
cations such as Mg or C&* have a similar inhibitory effect
on binding of the polyanions. Low specificity is also evident
in the case of the corresponding counterions, be they $O
CH3COO, or CI~ (except for the case of ATP and Ky it

is uncertain if cations, anions, or both in concert are
responsible for the competition for interactions with amyloid
fibrils and polyanions).

The strong association of polyanions with amyloid fibrils
can be rationalized in a qualitative manner simply by
consideration of Coulomb’s law and the unfavorable entropic
and enthalpic terms inherent in a polyelectrolyte molecule
in comparison with an individual electrolyte. Compared to

individual anions and facilitate the intermolecular interactions
between amyloidogenic regions of the protein molecules
without affecting significantly the overall structures of the
aggregates that develop. Longer polyanions such as heparin,
however, appear to take a more intimate part in the formation
of aggregates, not just by binding and decreasing the degree
of electrostatic repulsion, but also by increasing the degree
of order in the resulting structures. The observation that
aggregates formed in the presence of heparin or heparan
sulfate generate a much higher ThT fluorescence intensity
than aggregates grown in their absence is not limited to AcP,
but has also been observed farsynuclein (2), 52-
microglobulin (L3), tau @2), and A3 peptides 23).

An overall net positive charge in a protein does not appear

individual ions, which associate only very weakly in aqueous to be a fundamental prerequisite for polyanions to influence
solutions because of their favorable entropic terms and the rate of aggregation. Proteins with a net negative charge,
interactions with water, the various charged groups in a such asx-synuclein, aggregate more readily in the presence
polyelectrolyte are linked by covalent bonds. To decrease of polycations 43, 44, but, perhaps surprisingly, polyanions
the electrostatic repulsions within the molecules, therefore, can also increase the rate of aggregation of these proteins
polyelectrolytes bind very tightly to individual counterions, (12). Such interactions with polyanions are likely to occur
and even more tightly to a polyelectrolyte of opposite charge, if the proteins have a global distribution of charges that is
in this way also allowing the individual ions to equilibrate dipolar or possess specific clusters of positively charged
with the solvent. Although the structures of the fibrillar amino acids, as in the N-terminal regiono&ynuclein (2,
aggregates of AcP and HL are stabilized by noncovalent 36).
interactions, it is very likely that most of the polyelectrolyte Biological Releance.The interaction of biological pol-
character is retained and they can therefore be assumed tganions, such as DNA, heparin, or ATP, with amyloid
act as polycations. This conclusion explains why higher aggregates appears, from the evidence described here and
concentrations of salts are needed to displace heparin fromelsewhere, to be a general phenomenon, rather than just a
aggregated than from monomeric native AcP. Moreover, the feature of a small number of proteins. This phenomenon is
observed stabilization of AcP aggregates by heparin is likely extremely likely to contribute significantly to the promotion
to be due to compensation of the electrostatic repulsionsof amyloid fibril formation in vivo and to the stabilization
between the protein molecules within the aggregates. of the resulting aggregates. Moreover, in the light of the
The strength of interactions between polyelectrolytes is discussion above concerning polyelectrolytes, aggregation
likely to be strongly dependent on the density of charges on of misfolded proteins in vivo might be expected to increase
the molecular surfaces, a conclusion that is evident whendramatically the strength of the electrostatic interactions of
comparing the approximate ratio between negative andthe protein molecules with free ions and, to an even greater
positive charge concentrations/(+), the molecular weights  extent, with other polyelectrolytes. Such an effect could have
of the polyanions, and their effects on the aggregation rate major consequences for a range of cellular functions. In
of AcP (Table 1). For example, heparin and DNA (molecular addition to the examples considered here, GTP, RNA,
weights >10 000) are more effective at increasing the tubulin, and actin are just a few other relatively abundant
aggregation rate of AcP than AMP, ADP, or ATP (molecular biological polyanions that are likely to bind to positively
weights~350-510), despite the ratio of charges being higher charged aggregates and thus be compromised in their
for individual nucleotides than for DNA or heparin under function. Similarly, negatively charged aggregates could
the conditions used in this study. On the other hand, the neteasily sequester important polycations such as histones and
charge of the polyanion is an important factor as can be polyamines. Under normal conditions, cellular polyanions
inferred by comparison of the effects of the same concentra-are usually found complexed with other specific polyelec-
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In summary, whether or not the cytotoxic effect of amyloid
Negatively charged aggregates results from their interactions with biological
polyelectrolyte polyanions, or whether fibrillar amyloid structures could have
had a role in the origin of life, the results presented here
emphasize that such interactions can be highly significant
in modulating the functions of living systems. Thus, for
Weak electrostatic interactions

_|t_ . +N + : example, protein aggregation can be modulated generically
F(’)r:oif; Protein aggregate by electrostatic interactions involving nonproteinaceous
/ polyelectrolytes, and the decreasing ability to regulate ion

Ficure 6: Schematic representation of the effects of protein homeostasis with Increaslng age could be one of thg many
aggregation on electrostatic interactions between two oppositely factors that are responsible for the late onset of diseases
charged systems. Protein aggregation will constrain positively related to protein misfolding.

charged monomers to stay close to each other, causing a high

localized electrostatic repulsion. Such repulsion will be compensated ACKNOWLEDGMENT

by strong interactions with negatively charged polyelectrolytes.
Assuming, for example, that the rectangle is a polyanion such as
heparin and the circle is a positively charged protein such as AcP,

the interaction between these systems will be stronger when AcP
is aggregated (b) rather than in its native state (a). SUPPORTING INFORMATION AVAILABLE

a)

Negatively charged
polyelectrolyte

(e

|
|
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Agarose gel electrophoresis of free ssDNA present in the

trolytes (e.g., DNA and histones) or ions (e.g., ¥Ma@nd supernatant after centrifugation following_ incubation_ for 1
ATP) of opposite net charge; the formation of large ag- N With 1.2 mg/mL of preformed AcP fibrils (Supp Figure
gregates bearing a high net charge could, however, shift thel): EM pictures of 0.4 mg/mL AcP in 25% TFE, 50 mM
association of at least some polyanions from their physi- Sodium acetate, pH 5.5, 2&, afte 2 h incubation in the
ological target to these misfolded species (Figure 6), causing@Psence (a) or presence (b) of 0.1 mg/mL heparin (Supp
cellular dysfunction and generating more aggregates. AnFigure 2); CD spectrum of 0.4 mg/mL AcP in 25% TFE, 50
extremely interesting finding in the context of this discussion MM sodium acetate, pH 5.5, 2&, afte 2 h incubation in
is that coprecipitation with polyglutamine aggregates has the presence of 0.1 mg/mL heparin (Supp Figure 3). This
been found to cause a depletion of essential proteins andmaterial is available free of charge via the Internet at http:/
hence to impair cellular functiong%). Furthermore, a high pubs.acs.org.

net charge could allow aggregates to interact more effectively
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