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(Bacl(ground: GAPDH and glycosaminoglycans (GAGs) have been routinely found in Parkinson disease amyloid aggregates.
Results: Heparin and heparan sulfate induce the formation of GAPDH amyloid-like oligomers, which were characterized by

Conclusion: Heparin-induced GAPDH early oligomeric species are able to reduce the amount of a-synuclein (AS) prefibrillar

Significance: GAPDH oligomeric species might be taken into account in recruiting of AS toxic species.

J

Lewy bodies and Lewy neurites, neuropathological hallmarks
of several neurological diseases, are mainly made of filamentous
assemblies of a-synuclein. However, other macromolecules
including Tau, ubiquitin, glyceraldehyde-3-phosphate dehy-
drogenase, and glycosaminoglycans are routinely found associ-
ated with these amyloid deposits. Glyceraldehyde-3-phosphate
dehydrogenase is a glycolytic enzyme that can form fibrillar
aggregates in the presence of acidic membranes, but its role in
Parkinson disease is still unknown. In this work, the ability of
heparin to trigger the amyloid aggregation of this protein at
physiological conditions of pH and temperature is demon-
strated by infrared and fluorescence spectroscopy, dynamic
light scattering, small angle x-ray scattering, circular dichroism,
and fluorescence microscopy. Aggregation proceeds through
the formation of short rod-like oligomers, which elongates in
one dimension. Heparan sulfate was also capable of inducing
glyceraldehyde-3-phosphate dehydrogenase aggregation, but
chondroitin sulfates A, B, and C together with dextran sulfate
had a negligible effect. Aided with molecular docking simula-
tions, a putative binding site on the protein is proposed pro-
viding a rational explanation for the structural specificity of
heparin and heparan sulfate. Finally, it is demonstrated that
in vitro the early oligomers present in the glyceraldehyde-3-
phosphate dehydrogenase fibrillation pathway promote
a-synuclein aggregation. Taking into account the toxicity of
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a-synuclein prefibrillar species, the heparin-induced glycer-
aldehyde-3-phosphate dehydrogenase early oligomers might
come in useful as a novel therapeutic strategy in Parkinson
disease and other synucleinopathies.

Parkinson disease (PD)?® is the second most common neuro-
degenerative disorder with motor alterations resulting from the
loss of dopaminergic neurons in the substantia nigra. Histo-
pathologically, PD and related disorders called synucleinopa-
thies (1) are characterized by the presence of intraneuronal
inclusions (Lewy bodies, LB) and dystrophic neurites (Lewy
neurites) (2, 3). It is generally accepted that the fibrillar aggre-
gation of a-synuclein (AS) is a critical factor in the etiology of
PD because LB and Lewy neurites contain as a main component
a misfolded, fibrillar, and phosphorylated form of this protein
(4, 5). However, other macromolecules as GAPDH (6), ubiqui-
tin (7), and glycosaminoglycans (GAGs) (8) are routinely found
associated with amyloid deposits in most amyloidosis diseases
(9, 10). In addition, evidence from in vitro studies support an
active role of GAGs in amyloid fibril formation (11-14). Even
though there is strong experimental evidence implicating
GAGs in the amyloidogenic process, the molecular mechanism
by which GAGs promote the amyloid formation remains
obscure as well as the ability of GAGs to interact with other LB
components like GAPDH.

GAPDH is a ubiquitously expressed enzyme largely known
for its glycolytic activity, but nowadays it is considered as a
moonlighting protein because it plays individual functions

® The abbreviations used are: PD, Parkinson disease; LB, Lewy body(ies); AS,
a-synuclein; GAG, glycosaminoglycan; HS, heparan sulfate; ThT, thioflavin
T; CS, chondroitin sulfate; Dx, dextran; G3P, glycerol-3-phosphate; ANS,
1-anilinonaphthalene-8-sulfonic acid; SAXS, small angle x-ray scattering;
DLS, dynamic light scattering; FTIR, Fourier transformed Infrared.
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depending on its cellular locations and oligomeric state (15—
17). In fact, GAPDH is involved in apoptosis, neuronal disor-
ders, viral pathogenesis, endocytosis, microtubule bundling,
phosphotransferase/kinase reactions, translational regulation
of gene expression, nuclear RNA export, DNA replication, and
DNA repair (17). In the extracellular space, GAPDH has an
immunoglobulin production-stimulating factor activity (18), as
well as a cell-cell and/or cell-matrix interaction modulating
activity, as an anti-adhesive factor (19). GAPDH was also
involved in both the etiology and as a target in the treatment of
PD (20). It has been recently shown that the overexpression of
both GAPDH and AS in COS-7 cells induced LB-like cytoplas-
mic inclusions. In fact, it has been suggested that AS itself is not
sufficient to cause aggregation into LB-like inclusions (21).
Also, drugs currently used to treat PD bind to or affect GAPDH
functions (22, 23).

At physiological conditions of pH and temperature, GAPDH
remains in its homotetrameric globular soluble state. However,
in the presence of acidic membranes, GAPDH forms amyloid
fibrils (24) via a nucleation-dependent mechanism involving an
unexpected short nucleation lag time (25). Moreover, the GAPDH
aggregates formed under these conditions appear to be similar to
disease-related amyloid fibrils, suggesting that this process could
also be involved in amyloid formation in vivo (24).

Results in the present paper demonstrate that heparin and
heparan sulfate (HS) promotes the GAPDH fibrillar aggrega-
tion at physiological conditions of pH and temperature through
the formation of amyloid-like oligomers. In addition, the ability
of these early oligomeric species to modulate AS aggregation
kinetics is also demonstrated. The results presented herein
could justify of the presence of GAGs and GAPDH in LB, rais-
ing a new hypothesis where the aggregation process might be
multi-component and that GAGs may first participate in the
formation of GAPDH oligomers, which will further act as cat-
alysts on the fibrillation processes of other proteins.

EXPERIMENTAL PROCEDURES

Materials—GAPDH (EC 1.2.1.12), thioflavin T (ThT), high
molecular weight heparin sodium salt, HS, chondroitin sulfate
(CS)-A, CS-B, CS-C, and Tris (2,2-bipyridyl)dichlororuthen-
ium(II) hexahydrate (RuBpy) were from Sigma-Aldrich. Dex-
tran (Dx) was from Amersham Biosciences. The GAPDH solu-
tions were prepared in a 20 mm HEPES buffer, pH 7.4.
Polysaccharides heparin and HS were dissolved in the prefil-
tered HEPES buffer. Expression and purification of human AS
were performed as previously described (26). The purity of the
protein was assessed by SDS-PAGE. Monomeric AS stock solu-
tions were prepared in 20 mm HEPES, pH 7.4. Prior to mea-
surements, protein solutions were filtered and centrifuged for 30
min at 12,000 X g. The protein concentration was determined by
the measurement of absorbance at 280 nm using extinction coef-
ficient €,5, = 1.17 X 10°cm ™' M~ ' (27) and €,5, = 5600 cm !
M~ ! for GAPDH and AS (26), respectively.

Aggregation Kinetics Measured by Thioflavin T Fluorescences—
A 2.5mmMm ThT solution was prepared in a 20 mm HEPES buffer,
pH 7.4. In a thermostatted spectrofluorometer cuvette, 75
png/ml of heparin, CS-A, CS-B, CS-C, Dx, or HS were added to
a final 0.16 mg/ml of protein solution, and after the addition of
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25 um ThT, each mixture was measured with a ISS (Cham-
paign, IL) PC1 spectrofluorometer according to LeVine (28).
To test the influence of glycerol-3-phosphate (G3P) in the hep-
arin-induced GAPDH aggregation kinetics, 0.16 mg/ml of
GAPDH was preincubated with 1 mm of G3P for 5 min with
different heparin concentrations: 75, 150, 300, and 600 ng/ml.
A background fluorescence spectrum obtained by running a
blank buffer was subtracted from each sample fluorescence
spectrum. The excitation wavelength was set at 450 nm, and the
emission was measured at 482 nm using slit widths of 0.5 and 1
nm for excitation and emission light paths, respectively. Fluo-
rescence intensity at 482 nm was analyzed along the time, and
the kinetic profile data were fitted to an exponential function
I, = I1_(1 — e ¥"), where 7 is the time (¢) at which the fluores-
cence intensity (I,) reaches 63.2% of the maximal value (7).
Each curve represents the average of at least three independent
experiments.

Fluorescence Microscopy— 4 mg/ml of GAPDH were incu-
bated in the presence of 1.9 mg/ml of heparin at 37 °C with
orbital agitation. Aliquots withdrawn at 0, 1, 5, and 24 h were
centrifuged 30 min at 12,000 X g. The pellets was resuspended
and incubated with 0.2 mg/ml thioflavin S for 90 min at room
temperature under stirring. Then fibrils were washed by cen-
trifugation and resuspension in freshly prepared buffer three
times to remove excess of thioflavin S. The obtained fibrils were
finally resuspended in buffer HEPES, pH 7.4, to be observed
under BX51 microscopy OLYMPUS (Japan).

Tryptophan Intrinsic Fluorescence Studies—The mixture
GAPDH:heparin was incubated under agitation for 24 h at
37 °C, pH 7.4, at a final concentration of 0.16 mg/ml and 75
pg/ml, respectively. Fluorescence spectra was collected using
Aex = 295 nm and A, in the range 310 -400 nm, known to be
specific for tryptophan. The wavelength shift was monitored
using the integral midpoint of the curve. The slit widths were
set to 1 nm.

ANS Fluorescence Assay—Aliquots from the incubated
GAPDH:heparin mixture were taken at different times and
treated with 5 um 1-anilinonaphthalene-8-sulfonic acid (ANS)
in 20 mm HEPES buffer, pH 7.4. The excitation wavelength was
350 nm, and fluorescence emission spectra were collected
between 400 and 600 nm. The values of fluorescence intensity
and the values of maximal wavelength of the emission spectra
were plotted against time.

Infrared Spectroscopy Measurements—Samples at 4 mg/ml of
GAPDH for FTIR spectroscopy either in the presence or in the
absence of 1.9 mg/ml GAGs were prepared by dissolving the
lyophilized protein in a 20 mm pD 7 D,O-HEPES buffer.
The samples were assembled in a thermostatted cell between
two CaF, windows with a pathlength of 100 um. A tungsten-
copper thermocouple was placed directly onto the window, and
the temperature was controlled all over the measurements. The
spectra were recorded in a Nicolet 5700 spectrometer equipped
with a DTGS detector (Thermo Nicolet, Madison, WI). The
sample chamber was permanently purged with dry air. The
spectra were generated by averaging 128 interferograms col-
lected with a nominal resolution of 2 cm ™' and apodized with a
Happ-Genzel function. The D,O contribution in the amide I’
region was eliminated by subtracting the buffer spectra from
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that of the solution at the same temperature to obtain a flat
baseline between 2000 and 1700 cm ™~ '. Determination of peak
position and curve fitting were performed as reported previ-
ously (29, 30). Briefly, band component positions were obtained
from deconvolution and derivation. Because the results obtained
after iterations may not be unique, the following restrictions were
applied: (i) from initial guesses, the band position could not diverge
more than the distance between data points, and (ii) the width of
the bands should be less than one-half of the amide I" bandwidth.
The use of several spectra recorded at different incubation times
reduces the error of the quantification procedure to ~3% (31). The
band assignment was performed according to Cortez et al. (25),
which is in good agreement with x-ray data (32). The error in
determination of the FTIR structural analysis from the amide I’
band from different runs is ~2%. Protein structural analyses,
either in the absence or in the presence of the GAGs, were
repeated three times with fresh new samples to test the reproduc-
ibility of the measurements.

Circular Dichroism Measurement—Samples at 4 mg/ml of
GAPDH in 20 mm HEPES, pH 7.4, were incubated in test tube at
37 °C either in the presence or in the absence of 1.9 mg/ml
heparin. At indicated time points, aliquots were removed for
CD measurements. Circular dichroism spectra were recorded
on an Applied Photophysics Chirascan (UK) instrument. A cell
with a 0.1-mm pathlength was used for spectra recorded
between 190 and 260 nm, with sampling points every 1 nm. For
each sample, 10 scans were averaged, and baseline spectra were
subtracted. The data were processed using Applied Photophys-
ics Chirascan Viewer and Microsoft Excel.

Small Angle X-ray Scattering (SAXS) Measurements—The
SAXS experiments were performed at the National Synchro-
tron Light Laboratory (Campinas, Brazil) at 37 °C, with radia-
tion wavelength A = 1.488 A and sample-to-detector distance
of ~1000 mm, which enabled collection of the following scat-
tering vector interval from g,,,, = 0.02A *togq,,,. = 0.32A7 1,

4
q = —sin(0) (Eq. 1)
A

where being 20 the scattering angle. The g,.;,, value allowed us
to determine the scattering particles maximum dimension,
D,,.., of ~300 A (D, = 27/q,,,,, according to the sampling
theorem (33). The samples were set between two mica windows
and a 1-mm spacer, handled in a liquid sample holder. This was
placed perpendicular to the primary x-ray beam. The obtained
curves collected every 2 min were corrected for detector homo-
geneity (bi-dimensional position-sensitive detector) and nor-
malized by taking into account the decrease of the x-ray beam
intensity during the experiment. The parasitic background
from the buffer solution was subtracted, considering the sam-
ple’s attenuation. Solutions of 4 mg/ml of GAPDH were pre-
pared in 20 mm HEPES buffer at pH 7.4 in the absence and in the
presence of heparin at 1.9 mg/ml.

SAXS Theory—The SAXS intensity, I(g), of an isotropic solu-
tion of noninteracting scattering particles can be described as
follows,

I(q) = kn,P(q) (Eq.2)
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where #,, corresponds to the particle number density, and k is a
normalization factor related to the instrumental effects (33, 34).
P(q) is the orientational average of the particle form factor and
gives information on the scattering particle size and shape. For
proteins with known crystallographic structure, P(q) can be
modeled from the atomic coordinates of its crystallographic
structure deposited in the Protein Data Bank. In the present
work, SASMOL software (34, 35) and the Protein Data Bank
entry 1J0X were used to calculate P(g) corresponding to the
homotetramer GAPDH structure.

To study how heparin impacts on GAPDH conformation
along the time, we investigated the evolution of the protein
radius of gyration, R,, and the distance distribution function,
p(r), as follows. It is well known that I(g) can be described at low
q values (36),

R%q2

I(q —0) = 1(0)e 5 (Eq.3)

which is known as Guinier’s law. So, a simple plot of Ln I(g) X g*
gives information of the protein radius of gyration, R,. More-
over, a Fourier transform connects P(g), and hence I(g), to the
pair distance distribution function, p(r) (33, 36). Such a func-
tion is model-free and represents the probability of finding a
pair of small elements, at a distance r, within the entire volume
of the scattering particle, providing information about the scat-
tering particle shape and its R,. The scattering particle maxi-
mum dimension, D, ., is accounted for by a certain r value
where p(r) goes to 0. In the case of globular macromolecules,
p(r) is symmetric and has a maximum frequency of distances of
approximately D, . /2. For elongated macromolecules, p(r)
assumes an anisometric distribution of distances. In the current
work, GNOM software is used (37) to calculate the p(r) func-
tions from the experimental scattering curves.

Dynamic Light Scattering (DLS) Measurements—DLS mea-
surements were performed in a Brookhaven Instruments appa-
ratus, which consists of a HeNe (632 nm and 35 milliwatt) laser
coupled to a BI-200SM goniometer with a digital autocorrela-
tor BI-9000AT. Samples placed into cylindrical glass tubes
(13 X 100 mm) were maintained at a fix temperature of 37.0 *
0.1 °C controlled by a water circulatory system. DLS was used to
follow changes of GAPDH hydrodynamic diameter under the
influence of heparin along the time. The samples consisted of
1.5 ml of a 4 mg/ml GAPDH solution in the absence and in the
presence of 1.9 mg/ml heparin. Measurements were made at an
angle 6 = 90° to the incident beam, and the data were collected
at every 60 s. The first data acquirement was performed 250 s
after heparin in addition to a GAPDH solution to ensure the
homogeneity of the sample. The correlation functions were
analyzed to obtain the distributions of the decay rates and,
hence, the apparent diffusion coefficients and ultimately the
distributions of the hydrodynamic radius of the scattering par-
ticles in solution via Stokes-Einstein equation (38).

GAPDH Enzymatic Activity Assay— The enzymatic reaction
was followed in a reaction mixture containing 100 mm glycine,
100 mm Na,HPO,, 5 mMm EDTA, 1.5 mM NAD ™, and 2 mm G3P
at 25 °C, pH 9.0. 0.16 mg/ml of GAPDH was incubated in the
presence or in the absence of 75 ug/ml of heparin at 37 °C, pH
7.4. Fractions of 20 ul were taken at each time and were added
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to the above-mentioned mixture. The enzymatic activity was
measured following the increase in the absorbance of NADH at
340 nm using a Beckman DU-7500 spectrophotometer (39).

Docking Calculation—A global search for heparin-binding
sites on GAPDH was conducted using the program AutoDock
(version 4.2). The crystal structure for rabbit muscle GAPDH
was taken from the Protein Data Bank (entry 1J0X) (32). In
addition, the structures of several protein-heparin complexes,
such as acidic fibroblast growth factor, basic fibroblast growth
factor, and hepatocite growth factor (referred herein as the test
set), were used to evaluate the prediction capability of the dock-
ing protocol. The Autodock Tools package was used for setting
up all input files for docking calculations. An ensemble of initial
structures for the ligand probes was prepared from the test set.
Partial charges for the probe atoms were adapted from Bitom-
sky and Wade (40). Grids of probe atom interaction energies
were computed with a spacing of 0.5 A spanning the entire
proteins solvent accessible surfaces. A total of 3000 hard-
docked configurations (1000 for each conformation of the
ligand with all rotable bonds fixed) were generated using a
Lamarckian genetic algorithm and clustered with a 2.0 A
threshold. A focused docking experiment using a grid spacing
of 0.375 A and a semi-rigid ligand was derived from 256 differ-
ent runs around the sites with lowest interaction energy from
the previous step. The lowest energy structure from the largest
cluster was considered as the best docking solution.

The figures were composed using VMD (41). Electrostatic
potentials for GAPDH were computed using APBS (42). The sche-
matic diagrams for the interactions between the docked hexasac-
charide and the protein were generated with LIGPLOT (43).

Preparation of GAPDH Fibrils—GAPDH fibril preparation
was performed in 4 mg/ml GAPDH solutions as follows. Two
ml of freshly prepared protein solution was incubated at 37 °C
under constant orbital agitation in the presence of 1.9 mg/ml of
heparin. The fibril formation was followed by ThT binding and
infrared spectroscopy, using aliquots withdrawn during the
time. After 24 h of incubation, the formed fibrils were washed
by centrifugation to remove heparin and soluble protein. The
amount of protein was estimated according to Lowry et al. (44),
and heparin was estimated according to Dische et al. (45).

Cross-seeding Experiments—70 um of AS solution was incu-
bated under orbital agitation at 37 °C during 48 h either alone,
with 18.5 ug/ml of heparin, 50 um of GAPDH, or 0.3 and 50 um
of GAPDH taken from the incubation mixture at different
times corresponding to oligomers (5, 15, 30, and 60 min) and
fibrils (24 h). The reaction was followed by ThT fluorescence
using aliquots withdrawn during the time.

Gel Electrophoresis in SDS-PAGE under Denaturing
Conditions—500 ul of freshly prepared GAPDH:heparin mix-
ture was preincubated at 37 °C under agitation for 15 min and
then added to 70 um of AS for a final volume of 2 ml. The
reaction mixture was incubated 5 h at 37 °C with agitation, and
then it was washed twice by centrifugation at 12000 g during 30
min. The fibrils were resuspended in 8 M of urea, mixed with
SDS loading buffer, and boiled for 10 min. 15 ul of each sample
was loaded per lane on SDS gels. Electrophoresis was carried
out in a Bio-Rad Mini PROTEAN® system in slab gels using the
buffer and fixing described by Weber and Osborn (46) in 12%
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acrylamide gel. The gel was stained with the Coomassie Blue
staining method. The protein molecular weight markers were
Precision Plus Protein™ standards (Bio-Rad).

RESULTS

Fluorescence Studies of Heparin-induced GAPDH Aggrega-
tion—The ability of heparin to induce GAPDH aggregation was
monitored by ThT binding assay (28). In the absence of heparin,
no aggregation of GAPDH was detected, even after 24 h of
incubation at 37 °C, suggesting that the enzyme remains in its
soluble state. Heparin efficiently induced an increase in ThT
fluorescence emission, and the process could be fitted to a sin-
gle exponential kinetics with a time constant (7) of 12.5 = 2.0
min (Fig. 14). However, the presence of amyloid fibrils could be
detected by thioflavin S fluorescence microscopy only after 5 h
of incubation (Fig. 1B). A decay of protein concentration in the
supernatant of extensively centrifuged samples is only evident
after 4 h of incubation, which is also in accordance with the
absence of protein fibrils during the early stages of the process.
Taken together, these results suggest that the increment in ThT
fluorescence observed can be attributed to the presence of
GAPDH soluble oligomers as seen on other systems (47, 48).

ANS was also used to test for heparin-induced GAPDH con-
formational changes. The fluorescent intensity of this dye is
greatly enhanced on binding to hydrophobic surfaces accom-
panied by a blue shift in its fluorescence maximum from ~515
to ~475 nm. In the presence of GAPDH, the emission intensity
of ANS shows a peak (A,,,,,) centered at 524 nm, characteristic
of the free dye. A significant blue shift toward 450 nm is
observed 5 min after the addition of heparin, accompanied by a
small increase in the fluorescence intensity (Fig. 1C). The value
of A, reaches 425 nm with an increase in the fluorescence of
~20% upon 1 h of heparin-GAPDH interaction (Fig. 1C). These
changes indicate the appearance of new solvent-exposed
hydrophobic regions. A final shift in fluorescence emission
toward 412 nm was observed after 5.0 h of incubation, which
might be indicative of further structural changes in GAPDH.

Changes in the environment and solvent accessibility of Trp
residues in GAPDH during the aggregation process were mon-
itored through intrinsic fluorescence emission over time. In the
absence of heparin, GAPDH showed a broad peak centered at
339 nm arising from Trp®*, Trp'®?, and Trp>'°. It is important
to note that two of the Trp residues (Trp'®® and Trp>'°) are
located at the interface between subunits, whereas Trp®* is
deeply buried in the structure of the native GAPDH tetramer
according to the crystallographic structure (32) (supplemental
Table S1 and Fig. S1). A red shift of 3 nm was promptly observed
in the first 5 min of heparin contact to the protein (Fig. 1D),
which may be an indicative of some solvent exposure of at least
one of the Trps. Note that such red shift evolves to 344 —345 nm
after 1- 6 h of heparin addition, reaching a value of 350 nm after
24 h (Fig. 1D).

To characterize the early GAPDH oligomers, in the fol-
lowing sections the time scale was focused in the first hour of
incubation where soluble oligomeric species are present.
The total ThT signal showed a dose-dependent increase with
heparin concentrations in a range between 25 and 150 ug/ml
(Fig. 2A, closed bars). However, no changes in the rate of
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described under “Experimental Procedures.”

oligomer formation were observed varying the heparin con-
centration (Fig. 2A, open bars). This suggests that the
GAPDH:heparin binding is not rate-limiting in the forma-
tion of oligomeric species.

In the presence of 1 mm G3P, heparin was unable to induce
GAPDH aggregation (Fig. 2B). The G3P binding site is made of
residues from the four subunits (49), and therefore the enzyme
tetrameric form is stabilized by the presence of its natural sub-
strate. Fig. 2B also shows that increasing the heparin concentra-
tion, the substrate inhibition could be partially reverted, suggest-
ing a competition between G3P and heparin for the enzyme
binding.

FTIR Characterization of Heparin-induced GAPDH Olig-
omers—Heparin-induced GAPDH tertiary and/or quaternary
structural changes were studied by infrared spectroscopy as a
function of time (Fig. 3A). As was previously described, the
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GAPDH spectrum is characterized by two dominant bands at
1653 and 1637 cm ! that reflect the a-helix and B-sheet content,
respectively (Fig. 3B). Other bands appearing at ~1642 cm™ ' were
assigned to nonstructured conformations, the band at 1623 cm ™
corresponds to the tetramer interoligomeric contact, whereas the
band near 1667 cm ! arise from B-turns, and the band at 1680
cm~ ! may also arise from a small contribution of the high fre-
quency vibration of the anti-parallel 8-strand (25). The GAPDH
spectrum remained unchanged after 24 h of incubation at 37 °C
(not shown). However, after heparin addition, significant changes
in the shape of the amide I’ band became evident during the incu-
bation time. The contribution from a band attributable to cross-3
structure (located near 1616 cm™ ') increased significantly during
the incubation time (Fig. 3, C-E).

To further characterize the changes in the amide I' band,
deconvolution, and curve fitting procedures were performed.

S
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FIGURE 3. Heparin-induced GAPDH conformational changes measured by infrared spectroscopy. A, time evolution of the FTIR spectra of the deconvo-

luted amide I’ region of GAPDH (4 mg/ml) during oligomer formation at 37 °C and pD 7. The samples were collected after 1.9 mg/ml of heparin addition in

different periods of time, every 3 min until the first 60 min were reached. B-E, analysis of GAPDH amide I band after the curve fitting procedure (see

“Experimental Procedures”) showing the component bands: GAPDH alone (B) and after 5 min (C), 1 h (D), and 24 h (E) of heparin addition.

TABLE 1

Band position and percentage area corresponding to the components
obtained after curve fitting of the GAPDH amide |’ band in the absence
or in the presence of heparin at different incubation times

Position Area
%
GAPDH
1616 cm ™! <1
1623 cm ! 11
1637 cm ! 21
1642 cm ™! 19
1653 cm ! 29
1667 cm ! 13
1680 cm ! 7
GAPDH:heparin (1 h)
1618 cm ™! 6
1623 cm ™! 4
1630 cm ™! 16
1640 cm ! 22
1652 cm ! 25
1666 cm ! 21
1682 cm ™! 6
GAPDH:heparin (24 h)
1616 cm ! 17
1623 cm ™! 1
1630 cm ™! 13
1640 cm ! 21
1652 cm ™! 26
1665 cm ™! 19
1682 cm ™! 3

The relative contribution of different structural elements to the
amide I is summarized in Table 1. The 1623 cm ™! band, which
was previously attributed to the contacts between subunits (25),
diminished after 1 h of incubation. It is important to note the
downshift of band attributable to 3-sheet to lower wavelengths
(from 1637 to 1630 cm™ ') in a context where the overall
B-sheet content remains almost constant indicative of a short-
ening in intramolecular hydrogen bonds of the B-sheets located
at the edge of the monomers (3-edge) (50). These results sug-
gest that heparin-induced GAPDH early oligomers have an
overall amyloid-like conformation with an incremented
amount of cross- structure. After 24 h of incubation, when
fibrils became detectable by microscopy (Fig. 1B), an increment
in the bands attributable to cross-B structure and B-turns was
observed (Table 1).
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SAXS Characterization of Heparin-induced GAPDH Olig-
omers—To characterize the size and shape of the heparin-in-
duced GAPDH oligomers, SAXS studies were performed.
Under the experimental condition used in this work, SAXS
curves for GAPDH in solution were in good agreement with
those derived from the theoretical homotetrameric model of
the protein crystallographic structure (Protein Data Bank entry
1J0X) with a R, of 32.9 A (Fig. 4A). The possibility of protein
dissociation and oligomerization at 37 °C was checked. No
changes in the SAXS curves were observed for up to 1 h of
consecutive data acquisition from GADPH scattering, reveal-
ing the high protein stability in our experimental conditions.
The corresponding p(r) curve is presented in Fig. 4C. Note that the
p(r) function from the homotetramer structure (solid line) can
nearly superpose to the experimental one, evidencing that the pro-
tein did not suffer any change in the absence of heparin at physio-
logical temperature. Moreover, p(r) is centered at r = 40 A, corre-
sponding to the maximum frequency of distances inside the
protein, which has a maximum dimension D,_,, of ~87 A. In con-
trast, after heparin addition, we observe an increasing upturn in
the scattering intensity at low g values (Fig. 4B) that indicates the
formation of larger aggregates in solution (51). Concomitantly, we
also note a smoothness of the shoulder at ¢ = 0.15 A ! character-
istic of the homotetramer structure (Fig. 44). The analysis of the
radius oof gyration R, (Fig. 4B, inset) revealed thoat R, changed frOI‘El
32 £ 2 A, in the absence of heparin, to 50 = 1 Aand to ~66 = 1 A
after 2 and 60 min of protein-heparin interaction, respectively.
Interestingly, p(r) functions (Fig. 4C) evidence that heparin pro-
moted some changes in the homotetramer structure already at 2
min of GAPDH-heparin interaction, because the maximum of fre-
quencies was displaced to r = ~50 A and D, was enlarged to 190
A. Such a result is compatible to a small change in the protein
conformation, probably because of a small opening of the struc-
ture induced by heparin binding. This would lead to an increment
in the distance r between scattering centers inside GAPDH with
the maximum frequency of occurrence displaced from 40 to 50 A.
Further, the increase in protein maximum distance D, to 190 A
in the p(r) function (Fig. 4C) and in R to 50 A, both related to the
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FIGURE 4. SAXS curves and data analysis of GAPDH in the presence and in
the absence of heparin. A, correspondence between theoretical and exper-
imental SAXS curves: the experimental values (open squares) were obtained
by the scattering of 4 mg/ml GAPDH. The theoretical scattering curve (red
solid line) calculated from the protein crystallographic structure (1JOX).
B, SAXS data from 4 mg/ml GAPDH in solution in the absence (black) and in
the presence of heparin at 2 min (red), 60 min (green), and 180 min (blue) of
GAPDH-heparin interaction. The respective Guinier plots are displayed in the
inset. C, corresponding pair distance distribution function, p(r), calculated
from the experimental scattering curve (dashed line) and from the
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appearance of the upturn in the I(g) at low g values (Fig. 4B), dem-
onstrate the formation of oligomers coexisting with native-like
GAPDH already at 2 min of heparin addition in solution. Changes
in GAPDH conformation were also noted by fluorescence (Fig. 1)
and FTIR measurements (Fig. 3), which indicate an increase in the
solvent accessibility to some hydrophobic region and some
cross-f3 structure formation within less than 5 min of GAPDH-
heparin interaction. We will return to this point later in the text. Of
note, 1-3 h after the addition of heparin to the GADPH solution,
the p(r) functions (Fig. 4C) become typical for the scattering of
elongated particles as rod-like cylinders or fibers (33). The maxi-
mum distance r of scattering centers inside the protein underwent
a further increase (r increases to ~70 A) relative to that observed
over 2 min of the beginning of the GAPDH-heparin interaction
(Fig.4C). Such a value of r must be roughly related to the scattering
particle cross-section (32). Note, however, that aggregates longer
than D, ,, of ~300 A cannot be detected by our experimental
SAXS resolution. Therefore, SAXS and DLS results were com-
bined to infer the time evolution of the aggregate dimensions as
indicated below.

Size Distribution of the Oligomeric Species—The time evolu-
tion in the size distribution of GADPH incubated with heparin
at 37 °C as studied through dynamic light scattering is shown in
Fig. 5A. Prior to heparin addition, only a population with hydro-
dynamic diameter D,; = 100 + 10 A was observed, which is
compatible to the D, ., value determined for the tetrameric
GAPDH (Fig. 4B) in the absence of heparin. A new population
with a mean value of D, = 400 A arose 15 min after the addition of
heparin (Fig. 54). This population continuously evolved to an
average mean value of D;; = 600 and 1000 A after 30 and 60 min,
respectively. The self-assemblage of protein or heparin at 37 °C
was discarded because no significant change in the scattering sig-
nal could be detected in DLS experiments (data not shown).

Glycolytic activity can be regarded as an indirect measure of
the native tetrameric GAPDH population. After 1 h of preincu-
bation with heparin, ~40% of the enzymatic activity was lost
(Fig. 5B). These data reinforce the conclusion that two popula-
tions coexist under this condition, i.e. the enzymatically active
tetrameric form with the inactive oligomeric species.

According to SAXS data (Fig. 4B) the heparin-induced
GAPDH oligomers are rather anisometric. It is well known that
for a nonspherical particle, such as a cylinder, the interpretation
of the hydrodynamic radius (or diameter) is quite complex.
Thus, it is possible to suppose that the proteins aggregates are
arranged as thin rigid rods. For such cases, it is possible to write
(38, 52) the following,

L

R = S inwad)

(Eq.4)
where Ry, is the hydrodynamic radius obtained with DLS experi-
ments, and L and d are the cylinder length and cross-section,
respectively. It is also possible to rewrite the above equation as
follows,

homotetramer crystallographic structure (solid line), calculated by using the
GNOM software (37); p(r) functions in the presence of heparin after 2 min
(dotted line), 60 min (dashed-dotted line), and 180 min (dashed-double dotted
line) from the sample preparation.
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FIGURE 5. DLS analysis and enzymatic activity of GAPDH in the presence and in the absence of heparin. A, DLS measurements of GAPDH in solution along
time in the presence of heparin. B, GAPDH (0.16 mg/ml) enzymatic activity in the absence (®) and presence of 75 ug/ml of heparin (O).

In(x) d

X =~ TRh (Eq.5)

where x = L/d. Let us suppose that the cylinder cross-section is
d = ~70 A (from the inflection point of the p(r) curve, as shown
in Ref. 51), and R,, = ~500 A (from the DLS experiments, where
D, = ~1000 A). Thus, it is possible to calculate the heparin-
induced GAPDH oligomer length L, which amounts to L =
~4000 A.

Computational Prediction of Heparin-binding Site on
GAPDH Structure—A global search for heparin-binding sites
on GAPDH was conducted as detailed under “Experimental
Procedures.” The docking protocol was evaluated on a test
set including protein-heparin complexes taken from the
Brookhaven database. The observed values of RMSD for basic
fibroblast growth factor (1.96 A), acidic fibroblast growth factor
(0.15 A), and hepatocyte growth factor (1.63 A) show small
deviations from the crystallographic structure, reflecting the
ability of the docking protocol to correctly localize heparin-
binding sites. A global search for heparin-binding sites on the
GAPDH surface using the same docking protocol resulted in
the best docking position at the long linear groove formed by
the interface between chains R and P close to the enzyme cata-
Iytic site. As seen in Fig. 6A, this groove has an overall positive
electrostatic potential to readily accommodate the negatively
charged ligand (53). Several positively charged amino acid res-
idues are located in this region, allowing the formation of five
hydrogen bonds between the oligosaccharide and the protein
groove. Focused docking calculations were carried out on the
lowest energy sites revealed by global hard-docking calcula-
tions to further optimize the protein-ligand interactions.
Because of the large number of torsional degrees of freedoms in
the heparin hexasaccharide, a fully flexible docking was not
possible. Nevertheless, as shown by Khan ez al. (54), heparin
tends to adopt a semi-rigid and extended conformation for its
optimal binding to proteins. In this way, torsion angles around
the glycosidic bonds of the four central residues were kept fixed,
whereas the others were allowed to rotate freely. Close-up
views into the protein-ligand interactions, as well as a two-di-
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mensional schematic representation are shown on Fig. 6 (B and
C, respectively). Sulfate and carboxylate groups on heparin
were found to form hydrogen bonds with Lys'%%, Lys'®?, and
Lys'!. Viewed from the hexasaccharide reducing end, the sul-
fate group of the uronic acid 2 (sugar unit 2) was seen to directly
interact with the amino group of Lys'®?, whereas the carboxy-
late in the uronic 4 (sugar unit 4) and the sulfate group of the
uronic acid 6 (sugar unit 6) both interact with Lys'®'. Impor-
tantly, the sulfated glucosamine 5 (sugar 5) showed two points
of interaction with Lys'®* involving the N-sulfate and the
hydroxyl group in its carbon 3 (C3).

GAGs Ability to Induce GAPDH Aggregation—To investigate
whether the heparin-induced GAPDH aggregation is a gen-
eral effect that could be attributable to other GAGs, the max-
imal ThT emission intensity over 60 min of incubation at
37 °C in the presence of HS, CS-A, CS-B, CS-C, and Dx was
studied (Fig. 7A). The GAPDH aggregation obtained in the
presence of HS showed a similar behavior than heparin but
with less efficiency. On the contrary, in the presence of
CS-A, CS-B, CS-C, and Dx, no changes in the fluorescence
intensity were detected, even after a 10-fold increase in
GAGs concentrations (data not shown). Conformational
changes in GAPDH induced by the addition of different
GAGs, as monitored by amide I’ band in the FTIR spectra,
are shown on Fig. 6B. It seems to be clear that HS is the
unique GAG tested that can mimic the heparin effect on
GAPDH, because the spectra remain unchanged upon addi-
tion of CS-A, CS-B, CS-C, and Dx.

Heparin-induced GAPDH Aggregates Can Influence the AS
Fibrillation Kinetics—It has been previously shown that AS
aggregation is a nucleation-dependent process in which pre-
formed aggregates can function as seeds increasing the rate of
conversion from soluble specie into amyloid fibrils (55). The
aggregation kinetics of AS in the absence as well as in the pres-
ence of different heparin-induced GAPDH aggregation states
are shown in Fig. 8A4. The addition of GAPDH amyloid fibrils,
i.e. those obtained after 24 h of GAPDH:heparin incubation, are
not able to produce significant changes on AS aggregation
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after 60 min of incubation at 37 °C. The line represents the curve fit according to equation described under “Experimental Procedures.”
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kinetics. On the contrary, an exponential increase in ThT fluo-
rescence intensity was observed upon the addition of heparin-
induced GAPDH early oligomers (Fig. 84). In the latter, the
increase in ThT fluorescence emission could not be considered
as direct effect of heparin on AS aggregation because the kinet-
ics of the processes are not alike. In fact, after the first hour of
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AS:heparin incubation, ThT techniques were unable to detect
any AS aggregation (9).

To probe the ability of heparin-induced GAPDH early olig-
omers to recruit AS, the fibrils obtained after 5 h of incubation
were thoroughly washed to discard any adsorbed material and
subjected to a disassembling protocol with urea 8 M as
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FIGURE 8. Influence of GAPDH early oligomers in the AS aggregation
kinetics. A, aggregation kinetic of AS in the presence of heparin-induced
GAPDH oligomers obtained after 5 min (O), 15 min (V), 30 min (A), 60 min (CJ),
and 24 h (*) of GAPDH-heparin interaction. Control experiments in the pres-
ence of GAPDH alone (+) and heparin (<) are also depicted. The line repre-
sents the curve fit according to equation described under “Experimental Pro-
cedures.” B, gel electrophoresis in SDS-PAGE of mixed fibrils. Protein was
loaded as follows: lane 1, protein molecular weight marker; lane 2, washed
fibrils. The positions of bands of GAPDH and AS are marked by arrows.

described under “Experimental Procedures.” After the treat-
ment, an SDS-PAGE analysis of the supernatant demonstrated
the presence of two bands of ~14.5 and 36 kDa, attributable to
AS and GAPDH monomers, respectively (Fig. 8B).

DISCUSSION

In the current study, we demonstrate the ability of heparin to
trigger GAPDH aggregation into oligomers and amyloid fibrils by
using different biophysical techniques. Oligomers were detected
by DLS and SAXS, whereas their structures were inferred from
infrared spectroscopy. The presence of amyloid fibrils was
detected by fluorescence spectroscopy and microscopy. Analysis
on DLS and SAXS showed the formation of oligomers during the
first hour of heparin-GAPDH interaction, which was accompa-
nied by a concomitant increase in ThT fluorescence. FTIR spec-
troscopy studies revealed the presence of cross-f structure in
these early oligomers, which could account for the increment in
ThT fluorescence emission. In this way we show that ThT, tradi-
tionally used as specific marker of the cross B-structure in amyloid
fibrils (28), is also able to increase its intrinsic fluorescence upon
binding to GAPDH oligomeric species as described on other sys-
tems (47).

ANS as well as tryptophan intrinsic fluorescence also reflect
conformational changes occurring to GAPDH after heparin addi-
tion. Both techniques revealed the transition between four states,
which we attribute to native, native-like, oligomeric, and fibrillar
GAPDH. The results from other biophysical techniques, i.e. ThT
fluorescence emission, FTIR, and SAXS, are also compatible with
the existence of these states as discussed below.

FTIR spectroscopy provided complementary information
allowing the quantification of conformational changes on
GAPDH structure. Even though this technique cannot provide
absolute values, the comparison between the amide I' band
components at different conditions is very useful to follow the
conformational evolution of the system. Upon binding of hep-
arin to GAPDH, the amide I’ band changes its contour mainly
at the expense of the increment in the cross-f band, located at
~1618 cm™'. Another conformational changes could be
inferred such as the diminish in the 1623 cm !, attributable to
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a decrease in the intersubunits contacts according to (25). This
hypothesis is also supported by shift in both ANS and Trp
fluorescence emission already at 5 min of contact between hep-
arin and GADPH, which could be attributed to the exposure to
solvent of Trp"®® and Trp>'° located at the subunit interface in
GAPDH native structure. In fact, inspection of the crystallo-
graphic structure evidences that the Trp'®? is prone to increase
its exposure to the solvent in the case that some slight rotation
of the subunits takes place (supplemental Table S1). Such a
hypothesis is consistent with SAXS results, where small
changes in the protein dimensions were observed 5 min after
the addition of heparin in GADPH solution. Moreover, FTIR
data showed that the resultant species are conformationally
slightly different from that of tetrameric species because cross
B-structure is incremented at the expense of (-sheets and
intersubunits contacts. ANS binding assays reveal an increase
in the hydrophobic surface exposed to the solvent with time,
which is probably more “sticky” and prone to aggregate accord-
ing to fluorescence, infrared, and DLS studies. It is important to
note that according to our results, the aggregation pathway for
GAPDH does not pass through a partial unfolding state because
the a-helix and the overall B-structures contents remain almost
unaltered, as we confirmed by CD (supplemental Fig. S2). The
differences between the FTIR data could be explained because
FTIR resolves with better accuracy the B-sheet composition (56).

SAXS is an adequate technique to investigate proteins at low
resolution. Moreover, this technique allows evaluating proteins
in solution at different times. The SAXS data presented herein
provide a structural description of the heparin-induced
GAPDH aggregation process from the enzymatically active
tetrameric enzyme to the formation of early oligomers. Under
our experimental conditions and in the absence of heparin,
GAP]?H remains in a stable tetrameric form with a R, value of
32.9 A. Upon 1 h of heparin interaction, GAPDH aggregates are
clearly revealed by the increase in the forward scattering inten-
sity. The early oligomerization states can be described as short
rod-like cylinders. The quite linear behavior of the p(r) function
for the r > 70 A range suggests that the heparin-induced
GAPDH aggregates elongates in one dimension (33).

The DLS data can give a picture of the population size of each
aggregation state at different times. It is important to note that
the tetrameric population is still present after 1 h of GAPDH:
heparin incubation together with the oligomeric component. In
fact, the population centered around D,; = 120 A was quite
broad, indicating the presence of a heterogeneous mixture of
small oligomers together with the tetrameric enzyme. Taken
together, the SAXS and DLS results support the conclusion that
after 1 h of GAPDH-heparin interaction, rod-like aggregates as
long as 4000 A are present together with tetrameric and small
aggregate species in solution. The residual enzymatic activity
still detectable after 1 h of incubation of GAPDH in the pres-
ence of heparin also supports the hypothesis that a part of the
tetrameric species is still present.

Overall, a model for heparin-induced GAPDH aggregation
pathway can be proposed as follows: native — native-like — olig-
omers — fibril, which is in line with the previously described
model for Sso AcP (57) and SOD1 (58). The results are also com-
patible with a transition involving tetramer dissociation, as seen on
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transthyretin (59) and membrane-induced GAPDH (25) amy-
loidogenic processes, although such a monomeric state could not
be isolated under our experimental conditions.

Even though the effect of GAGs on protein fibrillation has
been reported for many proteins involved in human diseases,
this model does not seem to be of general character because
the GAGs chemical structure, particularly concerning the
sulfate group position, strongly influence the GAPDH amy-
loidogenic abilities. In fact CS-C, which is characterized by
the presence of sulfate groups in position 6 of the GalNAc
residues, did not have any effect on GAPDH fibril formation,
but it was effective in stimulating aggregation of A peptide
(11). Accordingly, CS-A and CS-B are also efficient to induce
the AS fibrillation (9). The relevance of the GAGs sulfate
group density on the polysaccharides ability to promote the
amyloidogenic process was previously reported for transthy-
retin (60, 61). However, on GAPDH aggregation, the posi-
tion of the sulfate groups on the polymeric sugar chain seems
to be more important than their density because only hepa-
rin and HS, but not CS, contain N-sulfated residues and
3-free hydroxyl groups in the glucosamine unit. Moreover,
the 2-O-sulfation in the uronic unit residue of heparin and
HS is absent in CS-A and CS-B. The importance of these
particular functional groups in heparin and HS is here shown
by their availabilities to interact with Lys'®* Lys'®3, and
Lys'®! on GAPDH. Interestingly, N-sulfation and 2-O-sulfa-
tion contents are higher in heparin than in HS, which might
explain the higher effect observed with the high sulfated
polysaccharide. It is also important to consider that although
the docking calculations were performed with hexasaccha-
ride species of heparin to reduce the simulation time, the
polysaccharide commonly contains more than 50 sugar
units. This implies that the groove formed between the other
two subunits in GAPDH could also bind to the polysaccha-
ride chain.

In this work, the ability of heparin-induced GAPDH oligo-
mers to promote AS aggregation kinetics is demonstrated. The
structural similitude between heparin with HS-induced
GAPDH oligomers suggests that the latter could exhibit the
same recruiting effect. Considering the toxicity of AS soluble
oligomeric species (62, 63), therapeutic strategies aimed to
reduce fibril formation (e.g. stabilization of the folded state by
small molecules) might paradoxically enhance neurotoxicity.
Therefore, the elimination of soluble oligomers, either by pre-
venting their formation or by promoting their incorporation
into fibrils, can be expected to reduce AS cytotoxicity in cells.
We are currently working in this area. The ability of heparin-
induced GAPDH oligomers to promote AS fibril formation
may now be used as a basis for new in vivo studies investigating
novel therapeutic strategies.
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