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Abstract Among other components of the extracellu-
lar matrix (ECM), glycoproteins and glycosaminoglycans
(GAGs) have been strongly associated to the retention or
misfolding of different proteins inducing the formation of
deposits in amyloid diseases. The composition of these
molecules is highly diverse and a key issue seems to be the
equilibrium between physiological and pathological events.
In order to have a model in which the composition of the
matrix could be finely controlled, we designed and syn-
thesized crosslinked hydrophilic polymers, the so-called
hydrogels varying the amounts of negative charges and
hydroxyl groups that are prevalent in GAGs. We checked
and compared by fluorescence techniques the binding of
human apolipoprotein A-I and a natural mutant involved in
amyloidosis to the hydrogel scaffolds. Our results indicate
that both proteins are highly retained as long as the nega-
tive charge increases, and in addition it was shown that the
mutant is more retained than the Wt, indicating that the
retention of specific proteins in the ECM could be part of
the pathogenicity. These results show the importance of the
use of these polymers as a model to get deep insight into
the studies of proteins within macromolecules.
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Abbreviations

apoA-I  Apolipoprotein A-I

DNCI Dansyl chloride

ECM Extracellular matrix

FITC Fluorescein isotiocyanate
GAGs Glycosamine glycans
GndHCl Guanidine hydrochloride
HEMA  2-Hydroxyethyl methacrylate
HDL High density lipoproteins
LDL Low-density lipoprotein
PGs Proteoglycans

SSNa Sodium 4-styrene sulfonate
ThT Thioflavin T

1 Introduction

Specific interactions among apolipoproteins and compo-
nents of the extracellular matrix (ECM) particularly proteo-
glycans (PGs) seem to be clue to regulate events associated
to atherosclerosis. Moreover, the different glycosamine gly-
cans (GAGs) have been reported to change in extent, the
position of sulfate substitution and composition depending
on age, differentiation state, and pathological conditions
[1]. In this trend, it was observed that the biglycan (a small
leucine-rich repeat PG) and versican (a large chondroitin
sulfate PG) were present in atherosclerotic intima, very
often with distinctly different distributions [2]. The patho-
logical landscape showed to be very specific, biglycan fre-
quently colocalized with apolipoproteins apoE, apoA-I, and
apoB in locations where versican is absent [3].
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The fine equilibrium of the interactions between apoli-
poproteins and the endothelium is altered in the genesis of
atherosclerosis. The binding of oxidized low-density lipo-
protein (LDL) to the biglycan, present in the ECM, may
favor its retention and subsequent phagocytocis by mac-
rophages in the intima. On the other hand, the high density
lipoproteins (HDL) and their main protein apoA-I are pro-
posed to inhibit this process, protecting the intima against
foam cells accumulation and plaque formation [4].

The composition and structure of PGs is highly hetero-
geneous in vivo. These charged molecules play key roles
within different compartments including cellular surface,
ECM, or in the cytoplasm. Both, the polysaccharide chains
(GAGs) or the proteins to which they bind confer a large
variety of properties and functions [5]. Several PGs have
been described, and they differentiate from each other
by the nature of the GAGs bound to the core proteins.
Although GAGs are long and unbranched polysaccharide
chains rich in negative charges due to their carboxylated or
sulfated sugar residues, the length, charge distribution and
composition seem to be the clue to participate in well con-
trolled functions such as metabolites transport, growth fac-
tors receptors, and lipoproteins binding [6, 7].

Amyloidosis constitutes a heterogeneous group of
diseases involving protein misfolding and deposition as
insoluble fibrils. The natural tendency of the proteins to
aggregate could be elicited either by specific pathological
cellular micro environments or due to single point heredi-
tary mutations. Many unrelated proteins have been impli-
cated in amyloidosis, including amyloid A protein, islet
amyloid polypeptide (IAPP, also known as amylin), prion
protein, transthyretin, synuclein, AP peptide, light chains of
immunoglobulins, apolipoprotein A-I, etc. [8].

In spite of the huge body of research stating the role
in amyloidosis, the precise mechanism by which GAGs
induce aggregation-prone protein conformations is far from
elucidation. While interaction with heparin sulfate has been
identified as stabilizing amyloid fibers from different pro-
teins [9], low molecular weight heparins (LMWH) have
been suggested as inhibitors of such effect [5]. The inti-
mate association between amyloid deposits and the ECM
was elegantly demonstrated in amyloidosis-induced animal
models. Shortening of heparan sulfate chains by heparanasa
over expression resulted in a decrease of amyloid deposi-
tion in tissues from mice in an inflammation-associated
serum amyloid A amyloidosis [10]. In addition, following
decellularization, the liver of transgenic mice over express-
ing serum amyloid protein showed a marked modification
of the normal structure of the ECM, which was overlaid
with amyloid deposits [11]. Moreover, the accumulation
of the PG decorin in kidney amyloid but not in other renal
fibrosing disease supports the importance of the ECM com-
position in this pathology [12].

About 80% of the protein composition of the HDL is rep-
resented by apolipoprotein A-I (apoA-I), which highly flex-
ible structure allows its efficient participation in the reverse
cholesterol transport. This lipid efflux pathway involves its
circulation partially as a lipid-free conformation. But, on the
other hand, the native protein structural disorder elicits its
propensity to suffer misfolding or aggregation, and thus some
natural variants were described inducing amyloidosis, affect-
ing organs in patients with variable severity depending on
the mutation present. Moreover, amyloidosis due to the pro-
tein with the native sequence has been described as diffuse
protein aggregates in atherosclerotic plaques [13]. Although
the reason why this protein is associated to the pathology is
still unknown, we have suggested that specific interactions
of apoA-I with GAGs of the ECM could elicit its retention
and/or aggregation. In this respect, we have previously tested
in vitro the binding of wild type apoA-I (Wt apoA-I) and the
pro-amyloidogenic mutant Argl73Pro to heparin (used as a
model of GAG). We showed that formation of amyloid-like
complexes between Wt apoA-I and heparin increased under
acidic conditions [14]. In addition, Argl73Pro forms heparin-
protein complexes at pH 7.4 with higher efficiency than Wt
[15]. Thus, it is clear that mild charge content or structural
modifications is an important parameter in the regulation of
protein-GAGs binding and consequently in protein func-
tion. The fact that Argl73Pro, at physiological pH, binds to
stronger affinity than the Wt poses the question on the rea-
son for the organ specificity of mutant’s deposits: Could the
specific retention of proteins within the ECM induce struc-
tural changes and pathological rearrangements of these
macromolecules?

To study the effect of the ECM in the aggregation state
of a protein is important to find a model where the composi-
tion of the matrix could be finely controlled. The design of
crosslinked hydrophilic polymers, so-called hydrogels, is an
important development in the biomedical field as they can
mimic, due to their hydrated and porous structure, the micro-
environment in which cells are supported in their native land-
scape [16, 17]. Hence, the construction of synthetic hydro-
gels offers the possibility of building model matrices where
composition could be closely controlled. Sulfate residues and
hydroxyl groups are components of most GAGs and they are
present in several precursor compounds used to synthesize
hydrogels, for example—styrene sulfonic acid and 2-hydrox-
yethyl methacrylate monomers, hence they were chosen to
obtain hydrogels for testing protein binding and retention
within the polymer scaffold.
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2 Materials and Methods
2.1 Materials

Guanidine hydrochloride (GndHCl) and thioflavin T
(ThT), heparin sodium salt (H-3149), heparin ammonium
salt (H-0880) and low molecular weight heparin [H-3400
were from Sigma-Aldrich (St. Louis, USA)]. His-purifying
resin was from Novagen (Darmstadt, Germany). Heparin
(for clinical application) from bovine intestinal mucosa
(molecular weight 15 kDa) was from Rivero (BA, Argen-
tina); 4,4'-dianilino-1,1'-binaphtyl-5,5'-disulfonic  acid,
dipotassium salt (Bis-ANS), dansyl chloride and fluores-
cein isotiocyanate (FITC) were purchased from molecular
probes (Invitrogen, Carlsbad, CA). For the hydrogel syn-
thesis the reagents sodium 4-styrene sulfonate (SSNa) and
2-hydroxyethyl methacrylate (HEMA, 97%), ammonium
persulfate (APS, 98%), and N,N-methylene-bis-acrylamide
(MBA, 99%) were purchased from Sigma-Aldrich, while
N,N,N,N’-tetramethylethylenediamine  (TEMED, 99%)
were obtained from Merck Co. All other reagents were of
the highest analytical grade available.

2.2 Methods
2.2.1 ApoA-I Isolation and Purification

Wild type apoA-I (Wt) and the amyloidogenic mutant
Argl73Pro were obtained by traditional Molecular Biol-
ogy techniques and purified as previously described [15].
Purification was checked and confirmed by polyacrylamide
gel electrophoresis as stained with Coomassie Blue. In
order to ensure freshly monomeric folding of the proteins,
the variants were solubilized before each experiment into
2 M GndHCI and exhaustively dialyzed against the chosen
buffers.

2.2.2 Labeling of apoA-I with Fluorescence Probes

Dansyl chloride (DNCI) covalently binds to proteins in the
amine residues. The probe was solubilized in cold acetone
and added to apoA-I in phosphate buffer pH 8.0 at a molar
ratio about 10:1 probe:protein. Following overnight incu-
bation while stirring at 4 °C, unbound probe was removed
by elution through NAP five columns (GE Healthcare Bio-
Sciences, PA). Protein was quantified by the colorimetric
Bradford assay, and binding efficiency was calculated to
be about four probe molecules per protein by using DNCI
extinction coefficient at 340 nm (4300 M~' cm™"). In a sim-
ilar manner, proteins were labeled with FITC. Briefly, pro-
teins (Wt and Argl73Pro) were taken to phosphate buffer at
pH 9.0, and FITC was added in small aliquots from a stock
solution in the same buffer. Efficiency was calculated from

@ Springer

the extinction coefficients at 492 nm (75,000 M~! cm™")
being similar for both proteins and around five moles FITC
per mole of protein. In order to confirm that the labeling
procedure does not induce a sensitive conformational shift
in protein structure, Wt (either unlabeled or DNCI-Wt)
were set at 0.1 mg/mL and titrated with GndHCI. The shift
in the intrinsic fluorescence of the native Trp residues (in
positions 8, 50, 72, and 104) was followed as previously
reported to determine the chemical stability and denatura-
tion pattern.

2.2.3 Construction of Polymeric Matrices

To design the synthetic polymeric matrices, monomers were
chosen with ionic and non-ionic polar groups that could
mimic those present in the natural GAGs: sodium 4-sty-
rene sulfonate (SSNa) and 2-hydroxyethyl methacrylate
(HEMA). Two copolymers with different SSNa:HEMA
mole ratios were synthetized 0.75 and 0.25, maintaining a
total monomer concentration of 1.25 mol/L. The synthesis
was performed through radical polymerization, by using
the crosslinker N, N-methylene-bis-acrylamide (5.0 mol%),
and ammonium persulfate (APS, 0.5 mol%) and N,N,N',N'-
tetramethylethylenediamine (TEMED 1.0 mol%), as initia-
tor and co-initiator, respectively; the mol% were calculated
based on the sum of monomers used in the feed (Fig. 1). To
obtain a gel phase, a dissolution containing the monomer,
initiators, and crosslinker was spread into appropriate flat
surface containers and incubated at 60°C for polymeriza-
tion. The gel point was achieved after 2 h. To analyze the
matrices topology, a specimen of the hydrogels was ana-
lyzed by scanning electron microscopy.

2.2.4 Incubation of apoA-1 Variants with Matrices

In order to analyze whether there is a differential bind-
ing of Wt to matrices with different charge (and relative
amounts of sulfate groups), apoA-I labeled with DNCI
(DNCI-Wt) was incubated with matrices containing SSNa/
HEMA at the molar ratios 0.75 or 0.25. A piece of 0.05 g
of each matrix was incubated with labeled protein (final
concentration 3.6 uM at 37 °C for 24 h) with mild agitation
(400 rpm). Afterwards, samples were spun at 12,000 rpm
for 20 min; supernatant (100 uL) was separated and the
same volume of Tris buffer added to the matrix. Fluores-
cence was read in a Beckman DTX 880 Microplate Reader
with excitation and emission filters centered at 360 and
535 nm, respectively. In addition, and in order to compare
the binding affinity of the mutant Argl73Pro with respect
to Wt, we incubated DNCI-Wt and DNCI-Argl73Pro
with 0.75 matrix and analyzed the binding with the same
methodology.
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SSNa

Fig.1 Scheme of the synthesis of copolymer P (SSNa-co-HEMA).
Monomers [sodium 4-styrene sulfonate (SSNa) and 2-hydroxyethyl
methacrylate (HEMA)] were incubated at different molar ratios (pH
7.0) with APS and matrices polymerized following incubation at

In a different setup square pieces of similar size and
same weight of both matrices were incubated with FITC-
labeled apoA-I variants (final concentration 1.1 uM) in Tris
20 mM pH 7.4 buffer at 37°C for 24 h. Protein remain-
ing in the surface was washed three times with Tris buffer
and samples were observed under a confocal spectral
microscope [Centro de Microscopia Avanzada (CMA),
Bio-Bio, Universidad de Concepcién, Chile]. A z-stack
of 100 images was taken from same areas of the gels and
the full 3D reconstruction was obtained using the Image-J
software. Using the same program the fluorescence inten-
sity from the 100 images was calculated for each matrix,
keeping the laser power and all the microscope acquisition
parameters constant.

2.2.5 Interaction of Proteins with Polymer Scaffolds

We set up to determine whether a sensitive conforma-
tional shift or aggregation of the proteins could occur by
the interaction with the synthetic matrices. Argl73Pro (at a
final concentration of 0.2 mg/mL) was incubated for 24 h at
37 °C with an excess amount (0.5 mM) of HEMA or SSNa.
Protein structure was characterized as previously described
[15, 18]. Intrinsic Trp fluorescence was measured by
exciting at 295 nm and registering emission between 310
and 400 nm. Measurements were performed on an Olis
upgraded SLM4800 spectrofluorometer (ISS Inc, Cham-
paign, IL). Hydrophobic pockets were estimated by the
Bis-ANS probe [19]. Protein was incubated under the same
conditions and Bis-ANS was then added at a 1:1 molar
ratio (probe:protein). Fluorescence emission was measured
by exciting at 395 nm and emission registered between 450
and 550 nm, respectively. To detect amyloid-like aggre-
gation, the protein was incubated at 0.2 mg/mL under the
same conditions and after 24 h, thioflavin T (ThT) was
added at a 1:1 molar ratio; fluorescence intensity was meas-
ured on the Microplate Reader, using excitation and emis-
sion filters centered at 430 and 480 nm, respectively.

n m
0 OH
OH 1 OH
%
Na®

60°C in the presence of the initiator and co-initiator. The gel point
was achieved after 2 h. By incubating different molar ratios of mono-
mers in the mixture, the number of SSNa (n) or HEMA (m) mono-
mers incorporated the matrix can be modified

The interaction of Argl73Pro with ligands was ana-
lyzed by native polyacrylamide gradient gel electropho-
resis (PAGGE). Protein at 0.2 mg/mL was incubated with
ammonium or sodium unfractionated heparins (UFH) or
low molecular weight heparin (LMWH) at molar a ratio 1:1
protein to heparin for 24 h at 37°C. In a different experi-
ment, Argl73Pro, was incubated with heparin at pH 7.4
either in the presence or absence of 0.5 mM of HEMA or
SSNa monomers. The complex migration was visualized
by silver stain.

3 Results

Polymer scaffolds were synthesized through radical polym-
erization varying the mole ratio of sodium 4-styrene sul-
fonate (SSNa) and 2-hydroxyethyl methacrylate (HEMA)
with the aim to obtain hydrogels with different amount of
negative charge moieties (Fig. 1). Two copolymers with
different SSNa:HEMA mole ratios (0.75 and 0.25) were
synthesized, maintaining a total monomer concentration of
1.25 M. The nomenclature used to name the polymers cor-
responds to the fraction of SSNa, being 0.75 or 0.25. Since
SSNa comes from a strong acid, then its conjugated base
exhibits a less dependence of the pH.

Scanning electron microscopy was used to compare the
influence of the sulfonate or hydroxyl groups on the hydro-
gels topology (Fig. 2). Gels containing lower amount of
SSNa in the feed (matrix 0.25) (i.e., lower concentration
of negative charge in the polymer) show a smoother sur-
face with pores of different diameters (Fig. 2a, b). Instead,
the enrichment in SSNa molar ratio with respect of HEMA
(matrix 0.75) results in a spiky surface with more regular
topology (Fig. 2c, d).

The differential binding of apoA-I to the matrices having
different ratios of SSNa to HEMA was determined using
fluorescently labeled apoA-I variants. First, we set out to
analyze the effect of the labeling on protein structure by
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Magnification 1

Matrix 0.25 .-

Matrix 0.75

Magnification 2

Fig. 2 Scanning electron microscopy images of the copolmyer. Copolymers P (SSNa-co-HEMA) containing 0.25 (a, b) and 0.75 SSNa (c, d)
fractions were analyzed by SEM under different magnifications. Bars in the images show the scale used in each case

following the well-known denaturation pattern by Gnd-
HCI. Figure 3a shows that the shift in the center of mass
of the Trp residues of the Wt protein (dark circles) follows
a two-state, cooperative denaturation pattern as described
in numerous reports [14]. The fact that this behavior was
almost indistinguishable from the DNClI-labeled protein
(Fig. 3a, empty circles) indicates that protein conformation
is preserved. The DNCl-labeled Wt was incubated with the
matrices and the amount of protein bound was determined
by quantifying the fluorescence associated to the matrix
and to the supernatant after centrifugation to separate the
unbound protein. Figure 3b shows that about 42% of the
protein remained associated to the 0.75 matrix, while only
19% appeared bound in the 0.25. Argl73Pro, a mutant of
apoA-I where a positive amino acid (arginine) in position
173 is replaced by a proline was reported to be present in
amyloid deposits especially in heart tissue of patients [20].
In a parallel experiment we checked the interaction of
DNCI-Arg173Pro with the 0.75 matrix, showing the same
behavior than Wt. In addition a slight by significant binding
is observed in this case (inset in Fig. 3b).

As labeling occurs in the amine groups, we checked
whether dansylation could modify the binding of the pro-
tein to the matrices. Thus, we incubated the same amounts
of labeled or unlabeled Wt with the 0.75 matrix for 24 h at
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37°C. Supernatant was then separated and protein remain-
ing in both fractions quantified. We concluded that labeling
did not interfere with protein interaction to the hydrogel,
as the same amount of Wt or DNCI-Wt was bound (not
shown). In addition, we checked the pH of the matrices,
as protein conformation could depend on the acidic condi-
tion of the media. Both 0.75 and 0.25 matrices showed a
pH close to 6.0. Thus, as we have previously reported that
protein conformation is preserved under this condition
[15], we assumed no influence of pH in the different tested
conditions.

In a different set up, and in order to further confirm
the previous result, we labeled both Wt and Argl73Pro
with FITC and incubated with the matrices overnight.
The intensity of the labeled protein bound to the matrix
was registered in a confocal microscope. For compari-
son purposes, the same areas, acquisition parameters
and constant pH were maintained. Several z planes were
acquired and a 3D reconstruction was obtained (Fig. 4a).
Using Image J software, the total fluorescence inten-
sity from the proteins was calculated by integrating the
intensity per plane (Fig. 4b). Control experiments using
matrices incubated without the labeled proteins showed
no signal in the emission range used to observe the FITC
labeled apoA-I. In agreement with the cuvette experiment
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Fig. 3 Quantification of the binding of DNCI labeled wt apoA-I to
matrices. a Effect of labeling on protein conformation followed by
chemical denaturation. The Wt protein either labeled with DNCI
(empty circles) or unlabeled (dark circles) was set to 0.1 mg/mL in
citrates phosphates Mc Ilvaine’s buffer, pH 7.4 and titrated with
increasing concentrations of GndHCI. Trp fluorescence emission
spectra were obtained by excitation at 295 nm, and scanning the
emission between 310 and 420 nm. With these data, the center of
mass was calculated for each sample. b 0.05 g of the different matri-
ces were incubated with DNCI-Wt. Supernatant (supern) was sepa-
rated and matrix taken to the original volume with buffer. Each one

(Fig. 3b), the total intensity associated to the 0.75 matrix
incubated with WT apoA-I is higher than the intensity
associated to 0.25. In addition, and interestingly, the
intensity associated to both matrices (0.75 and 0.25) was
higher when incubated with Argl73Pro.

T
0.75 supern 0.75 matrix  0.25 supern

0.25 matrix

of both fractions was set in an optical dark fluorescence multiplate,
and DNCl-associated fluorescence measured [represented as arbitrary
units (AU)] with excitation and emission filters of 360 and 535 nm
respectively. Bars correspond to means+SE. *Difference on the
protein remaining in the matrix (0.25) respect to the protein bound
to matrix 0.75 at p<0.05. Results are representative of three experi-
ments under the same conditions. Inset Wt and Argl73Pro were
incubated with the 0.75 matrix and bound proteins analyzed under
the same conditions than in Fig. 3b. *Difference on the Argl73Pro
remaining in the matrix respect to Wt at p<0.01

Finally, we studied the possible structural alterations of
Argl73Pro as a consequence of its binding to the mono-
mers that may favor protein retention and/or aggrega-
tion. Thus, the protein was incubated with an excess
of monomers (either SSNa or HEMA) and biophysical
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a Arg173Pro

Wt 75:25 SSNa:HEMA Arg173Pro 75:25 SSNa:HEMA
Matrix 0.75

Wt 25:75 SSNa:HEMA Arg173Pro 25:75 SSNa:HEMA
Matrix 0.25

Fig. 4 Characterization of apoA-I binding to matrices. 3-D images
(a) and integrated intensity (b) of FITC-fluorescence associated to
hydrogels [represented as fluorescence relative units (RU) obtained
by the Image-J software]. Images were taken at room temperature,
with excitation at a 488 nm and emission under a 512 m+20 nm. A

measurements were used to characterize its structure. Tryp-
tophan emission is characteristic of the secondary structure
of a protein and is normally used to detect structural altera-
tions [14]. The tryptophan spectra remained similar in the
presence of monomers (not shown). Spatial rearrangement
of a protein can be inspected using Bis-ANS [21]. This
Fluorescent dye senses the hydrophobic pockets, and the
changes in spatial rearrangements are shown in emission
spectral shifts and intensity changes [18]. The binding of
Bis-ANS to the apoA-I variant was not significantly altered
as it cannot be suggested as either a significant intensity or
a shift of the center of mass to the spectra detected in the
presence of the monomers SSNA or HEMA (Fig. 5a).

Fluorescence intensity (AU)

0 v T T
490 510
Wavelength(nm)

530 550

Fig. 5 Structural characterization of apoA-I variant Argl73Pro upon
incubation with HEMA or SSNa monomers. a Argl73Pro (0.2 mg/
mL in citrates phosphates Mcllvaine’s buffer, pH 7.4) was incubated
for 48 h at 37°C and Bis-ANS added at a molar ratio 1:1 probe to
protein. Spectra were acquired with excitation at 395 and emission
registered between 450 and 550 nm; black, dotted and dashed lines
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stack of 100 images was acquired, every 9 pm. Bars correspond to
means + SE. *Difference of the Wt respect to Argl73Pro in the same
matrix (either 0.75 or 0.25) at p<0.05. Results are representative of
three experiments under the same conditions

The fluorescent dye thioflavin T was used in order to
detect whether interaction of the protein with the mono-
mers could induce a misfolded conformation. The strong
fluorescence quantum yield of this probe upon binding to
pro-amyloid aggregates (but low as free in solution) is well
described [22]. When Argl73Pro is incubated at physiolog-
ical pH, a clear low binding to ThT indicates the tendency
of the protein to form structures that could be sensitive to
aggregate [15]. This fluorescence did not increase in the
presence of monomers neither the size of the product as
checked by light scattering (not shown), indicating that the
polar groups of the monomers do not elicit the aggregation
tendency of this variant (Fig. 5b).

—_
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50007
40001
30007
20001
1000+

o

Arbitrary fluorescence units (AU

Arg173Pro Arg1Z3Pro Arg 1Z3Pro
SSNa HEMA

correspond to protein in the absence or the presence of 0.5 mM of
HEMA or SSNa, respectively. b Amyloid-like aggregation was
detected by the addition ThT to Argl73Pro at a 1:1 molar ratio to
protein. Following 48 h incubation at 37 °C, fluorescence was quan-
tified in the microplate reader at 480 nm (excitation set at 430 nm).
Bars correspond to means +SE
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Following, we set out to better characterize the
interaction of Argl73Pro with negative charged natu-
ral compounds. First, we compared the binding to hep-
arins with different molecular mass at the molar ratio
heparin:protein (1:1). Figure 6a shows that, in agreement
to our previous results, the incubation of Argl73Pro with
either both sodium and ammonium unfractionated hep-
arins (UFH) (lanes 2 and 4 respectively) resulted in an
efficient binding as visualized by a shift of the band cor-
responding to the monomer of apoA-I (28 kDa, lane 1) to
a higher molecular size and with fainter intensity. On the
other hand, the pattern observed in the gel in the presence
of LMWH (lane 3) is indistinguishable in intensity and
size with the variant in lane 1, indicating lower or absent
interaction of the protein with the GAG.

Therefore, we analyzed whether monomers could com-
pete (and/or inhibit) the binding of Argl73Pro to heparin.
In order to test this possibility, we incubated the mutant
with heparin and compared its migration on native
PAGGE electrophoresis in the presence of each mono-
mer. As observed before [15] an efficient protein—hepa-
rin binding is detected as the band corresponding to the
lipid-free protein (lane 2 in Fig. 6b) vanished, giving
rise to bands of larger size corresponding to the protein
complexed with the GAG which are not resolved by the
gel (lane 3). These structures remained stable even when
incubated in the presence of either an excess of SSNa

(lane 4) or HEMA (lane 5).
4 5
——

Fig. 6 Characterization of the binding of Argl73Pro to ligands by
electrophoresis. a Native PAGGE gel 4-25% detected by silver stain-
ing. Argl73Pro was incubated as indicated in Sect. 2.2 without (lane
1) or with ammonium unfractioned heparin (UFH) (lane 2), low
molecular weight heparin (LMWH) (lane 3) or sodium UFH (lane
4) at molar ratio heparin:protein 1:1 for 24 h at 37°C. Same amount
of Argl73Pro was loaded in each lane. Lane 4 corresponds to high
molecular weight standards 669, 440, 232, 140 and 67 kDa (Amer-

4 Discussion

GAG:s in the tissues form hydrated gels that fill most of the
extracellular space and tend to occupy large volumes even
at very low concentrations. These sugars are highly nega-
tively charged macromolecules playing key roles in keep-
ing water, conferring high viscosity to the solution, and
participating in weak and specific interactions among dif-
ferent molecules [5]. For instance, two classes of heparin,
UFH and LMWH, which only differ in the size of their
chains showed different anticoagulant activities. The nega-
tively charged pentasaccharide of UFH interacts with three
regions which are brought together in folded antithrombin.
Nevertheless, LMWH which contains the essential penta-
saccharide to bind antithrombin lacks the required length to
bind at the same time thrombin as UFH, and only activated
factor X [23, 24].

Moreover, specific interactions of GAGs with proteins
seem clue in the genesis of amyloidosis. The density of
negative charges in the GAGs (due to sulfate or carboxy
groups) may interact in specific conformational arrange-
ments within positive residues in the proteins. In vitro stud-
ies have shown that though having similar composition the
chondroitin sulfates and heparin sulfate GAGs show dif-
ferent efficiency in the aggregation pathways of amyloid
proteins such as the AP peptide or immunoglobulin light
chains [7, 25-27].

In support to the importance of the specific—electrostatic
interactions among GAGs and proteins, small-molecule

sham Biosciences, UK). b A similar native PAGGE was loaded and
detected as in (a) Argl73Pro was incubated in the absence (lane 2) or
the presence of heparin at molar ratios heparin:protein 10:1 (lanes 2);
Arg173Pro and heparin in the last molar ratio were incubated under
the same condition in the presence of 0.5 mM of SSNa (lane 3) or
HEMA (lane 4). Same amount of Argl73Pro was loaded in each
lane. Lane 1 corresponds to high molecular weight standards as in (a)
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anionic sulfonates or sulfates used in pre-clinical studies
significantly reduced amyloid progression, indicating that
these groups having structural similarities with GAGs’
motifs compete with the formation of fibrils aggregates
[28].

The results obtained here strongly support that the
increase in negative charge of the GAG (in our study the
polymer with the highest SSNa content) results in higher
protein binding. The fact that the binding of apoA-I Wt
to heparin is enhanced at pH lower than the physiologi-
cal indicates that protonation of the protein amino acids,
i.e., histidine, may participate in electrostatic interactions
with the negative charges of the GAG [14]. As Argl73Pro
(which loses a positive residue) shows stronger binding to
this matrix indicated that in addition to the charge, confor-
mation arrangements are key to determine the strength of
the interaction. We have previously proposed that the dis-
ruption of helix 7 due to the Pro residue allows the expo-
sure of cryptic positive residues (Arg) that could potentially
interact with the GAGs [15]. Moreover monomers did not
produce a drastic effect on protein conformation or bind-
ing to other molecules such as heparin. The decreased
efficiency of Argl73Pro-LMWH binding as compared to
larger heparins supports in addition a cooperative binding
driving this interaction. Thus, the matrix seems to work as a
basal “platform” in which charges, viscosity, and probably
structural pockets help to the strength of the interaction and
protein retention in the microenvironment. Towsend et al.
have recently proposed that heparin induces self assembly
of the N-terminal domain of the protein which elicits fibril-
like conformations [29].

The observed stronger binding of apoA-I variants to the
sulfonated-rich matrix supports the fact that (at least for
this mutant) part of the pathological mechanism could be
due to a higher retention and/or aggregation in the ECM.
This induced protein aggregation could, in addition, dimin-
ish the physiological amount of protein available to partici-
pate in the lipid-removal pathways.

In order to design drugs as therapy to halt the pro-amy-
loid cascades it is essential to understand the interaction of
amyloidogenic proteins with partners in circulation such
as GAGs. Based on previous studies, novel negative mole-
cules are being tested in order to inhibit the binding of mis-
folded proteins to GAGs and thereby these agents could be
appropriate to avoid the retention and deposition of fibril-
lar aggregates in tissues [30]. These studies involve sulfate
groups with different efficiency either in vivo or in vitro
models, and could be new strategies to inhibit the patho-
logical aggregation of amyloid proteins.

In this trend, it is evident that a fine control of charges
or polarity is clue to understand and mediate in the inter-
action of apoA-I variants within partners of the microen-
vironment. The polymers herein used are easy to build and

@ Springer

to characterize, reproducible, and their optical properties
allow to be studied by fluorescence so as to analyze the
binding and the conformation of interacting proteins such
as apoA-I and the pathological mutants. Even though we
are aware of the chemical complexity of the biological
ECM, the construction of polymers with different composi-
tion will help us deeply investigate the identity of apoA-I
and its variants interactions with partners in the ECM.
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