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How does dextran sulfate prevent heat induced aggregation of protein?:
The mechanism and its limitation as aggregation inhibitor
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Abstract

The effect of dextran sulfate on protein aggregation was investigated to provide the clues of its biochemical mechanism. The interaction
between dextran sulfate and BSA varied with the pH values of the solution, which led to the different extent of aggregation prevention by dextran
sulfate. Light scattering data with thermal scan showed that dextran sulfate suppressed BSA aggregation at pH 5.1 and pH 6.2, while it had no
effect at pH 7.5. Isothermal titration calorimetric analysis suggested that the pH dependency of the role of dextran sulfate on BSA aggregation
would be related to the difference in the mode of BSA–dextran sulfate complex formation. Isothermal titration calorimetric analysis at pH 6.2
indicated that dextran sulfate did not bind to native BSA at this pH, but interacted with partially unfolded BSA. While stabilizing native form of
protein by the complex formation has been suggested as the suitable mechanism of preventing aggregation, our observation of conformational
changes by circular dichroism spectroscopy showed that strong electrostatic interaction between dextran sulfate and BSA rather facilitated the
denaturation of BSA. Combining the data from isothermal titration calorimetry, circular dichroism, and dynamic light scattering, we found that the
complex formation of the intermediate state of denatured BSA with dextran sulfate is a prerequisite to suppress the aggregation by preventing
further oligomerization/aggregation process of denatured protein.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The aggregation of proteins is involved in a wide variety of
biomedical and biological phenomena including abnormal
disorders such as neurodegenerative diseases and Alzheimer's
disease [1]. In the molecular mechanism of protein aggregation,
several studies revealed that proteoglycans (PGs) and glycoami-
noglycans (GAGs) play a pivotal role in the formation of protein
aggregates [4,5]. With regards to neurodegenerative diseases,
there are numerous evidences that GAGs are involved in the
formation of the amyloid deposits. In relation to Alzheimer's
disease, the sulfated GAG–tau interaction was suggested to be
the central event in the development of neuropathology [1–5].
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Fibrillization of purified recombinant α-synuclein was also
inefficient in vitro but could be enhanced by the addition of
GAGs [5–7].

To shed new light on these phenomena, a number of studies
have focused on the mechanism of GAGs–protein interaction.
One important example is the formation of a β-sheet structure
of the cognate proteins by GAGs. The proteins and polypep-
tides forming the β-structures by heparin appear to have the
heparin binding sequences consisted of alternating basic and
nonbasic amino acid residues [8]. In the formation of nucle-
ation seeds, formation of the β-sheet structure would cause the
alternating basic side chains to point to the same direction
perpendicular to the plain of the sheet [9–11]. GAGs, as a
scaffold, bound to the basic side chains and enhanced the
structural features favoring the β-sheet conformation and
accelerated the formation of nucleation seeds [12,13]. In the
latter stages of the amyloid pathway, GAGs also enhanced the
lateral aggregation of small fibrils to confer insolubility and to

mailto:byungkim@snu.ac.kr
http://dx.doi.org/10.1016/j.bbapap.2006.11.015


250 K. Chung et al. / Biochimica et Biophysica Acta 1774 (2007) 249–257
protect them from proteolysis. In this example, GAGs played a
role as an enhancer of propagation, possibly by serving as an
anchor for fibril organization or by stabilizing the tertiary struc-
ture of the fibril [12].

In contrast to the aggregation facilitating effect of GAGs on
pathological proteins, many previous studies have also revealed
that GAGs can prevent protein aggregation [14–17,38].
However, the biochemical mechanism of the sulfated poly-
saccharides for preventing heat induced protein aggregation
remains relatively unclear and controversial. Very low concen-
trations of heparin could effectively suppress the aggregation of
Antithrombin III [14]. It was suggested that the heparin
stabilizes the protein by holding it in a conformationally altered
but native state, presumably reducing the amplitude of dynamic
fluctuations which could produce momentary exposure of
hydrophobic moieties to the aqueous solvent, and as a result,
aggregation is suppressed [14]. Heat-denatured RNaseA
aggregation was efficiently prevented by dextran sulfate (DS)
at pH 7.8 [15]. DS binding was assumed to transform the protein
into polyanionic species, and the complexes may have provided
a sufficient level of electrostatic repulsion at pH 7.8 and 75 °C to
prevent the aggregation of the protein from proceeding [15].
Much was the same in the case of β-Lactoglobulin aggregation
[16]. It was suggested that DS perturbed the water structure
surrounding the protein and stabilize its native form. As far as
refolding process is concerned, heparin has been introduced as a
possible artificial chaperone to aid protein refolding [17,39].

In the present work, our experiments also identified that DS
effectively prevented heat induced aggregation of net negatively
charged BSA. In addition, other diverse effects of DS on proteins
were observed. To clarify these phenomena and to get new
insights into the nature of GAGs–protein interaction, under-
standing the right mechanisms of the suppression of the
aggregation of the proteins are requested. Therefore, using
BSA and DS as a model system, we investigated the mechanism
by which DS prevents thermally induced aggregation of BSA.

2. Materials and methods

2.1. Sample preparation

BSA and DS were purchased from Sigma (St. Louis, MO). DS employed in
this study had a molecular weight of 8.0±0.1 kDa and contained ca. 30 sulfated
disaccharides units. BSA solutions (1 mg/ml) with or without DS were prepared
in 0.1 M phosphate buffer, and filtered through 0.22 μm filters, as described
previously [20,21]. To measure the concentration of BSA, absorption intensity
was measured at 279 nm. CD and DLS measurements were performed using
different aliquots of the same freshly prepared sample. Samples were degassed
in order to prevent the bubble formation in the course of measurements. All
kinetic measurements were scrupulously checked against bubble formation
before and after each measurement. Partially unfolded BSA was obtained by
heating 0.1% (w/w) solution of BSA at 67 °C for 25 min and rapidly cooling the
solution in an ice bath as described elsewhere [20,21].

2.2. Heat-induced protein aggregation assay

The heat-induced aggregation of BSA was measured by monitoring the
turbidity at 360 nm as a function of pH [39]. BSA was diluted to a final
concentration of 1 mg/ml in 0.1 M phosphate buffers with different pH. The
BSA solutions were incubated at 73 °C in the presence or absence of 0.1 mM
DS, and the apparent absorbance was monitored in a Beckman spectrophoto-
meter (Beckman Coulter, Inc, USA).

2.3. Dynamic light scattering (DLS)

Scattering intensity measurements were performed on an Otsuka ELS-8000
(Osaka, Japan), at a fixed 90° scattering angle with a 10 mW He–Ne laser
(wavelength, λ=632.8 nm) [19]. The reported step-wise temperature changes
from 25 °C to higher temperatures were obtained by transferring the specimen
rapidly from room temperature to the thermostatted sample cell of the instrument.
The same samples (1 mg/ml BSA in 0.1 M phosphate buffer) were heated at a
constant rate of 0.05 °C/min from 30 °C to 80–90 °C.

2.4. Isothermal titration calorimetry (ITC)

The heat flow resulting from the binding of the DS to BSA was measured
using Microcal VP-ITC calorimeter (Microcal, Northampton, MA) with a
reaction cell volume of 1.4437 mL [36]. Two types of titrations were performed.
In the first measurement, the calorimeter cell contained the BSA solution at a
low concentration (CBSA

0 =20 μM) was titrated with Vinj =10 μL aliquots of
concentrated DS solution (CDS

0 =500 μM, in 0.1 M phosphate buffer) in every
2.5 min at 25 °C. In the other experiments, the order of solutions was changed,
and the calorimeter cell containing the DS at low concentration (CDS

0 =25 μM)
was injected with BSA solution (400 μM, in 0.1 M phosphate buffer) in every
2.5 min at 25 °C. Integration of the titration peaks yielded the heats of reaction
ΔHdex as a function of the molar ratio of DS/BSA. Control titrations were
performed to obtain the heat of dilution by injecting the DS solution or the BSA
solution into the buffer without counterpart BSA or DS, respectively. The
corresponding heat of dilution was subtracted from the heat measured for the
binding reaction. For the DS, the heat of dilution was in the range of − 1.0 ∼
− 0.5 μcal, and for the concentrated BSA solutions, the heat of dilution was
about − 0.1 μcal. To remove air bubbles, all solutions were degassed prior to use
(140 mbar, 8 min). The data were acquired by the software developed by
Microcal. The heat measured for the first injection was usually a few percent
lower due to the diffusive mixing in the syringe tip during the baseline
acquisition. To minimize the impact of this, a minimal volume of 1 μL was
always used for the first injection, and the accompanying heat was not used for
further analysis [22].

2.5. Circular dichroism (CD)

CD spectra of BSA were recorded using a J-715 Jasco spectropolarimeter
(Jasco Co., Tokyo) equipped with a temperature control system in a continuous
mode in the wavelength range 200–250 nm (far-UV) and 250–320 nm (near-
UV), with a cell having a path lengths of 0.1 cm and 1 cm, and the sample
concentration of 0.1mg/ml and 1mg/ml, respectively. The spectra were averaged
with five scans, corrected with the appropriate buffer blanks and converted to
mean residue elasticity (deg cm2/dmol). All CD measurements were carried out
with a bandwidth of 0.5 nm, a response time of 1 s, and a scan speed of 10 nm/min
at 25 °C. The protein samples for CD measurements were prepared in 0.1 M
sodium phosphate buffer (pH 5.1, 5.9, 6.2, 7.5). Thermal denaturation
experiments were performed using a heating rate of 0.5 °C/min and a response
time of 1 s. The thermal scan data were collected at every 0.1 °C from 30 to 90 °C
in 1 cm path length cuvettes with protein concentrations of 0.1 mg/ml BSA for
wavelength of 208 nm and 1 mg/ml BSA for 268 nm.
3. Results

3.1. The prevention of BSA aggregation by DS depends upon
pH

Due to the pH dependency of the BSA aggregation [18], we
thus investigated the DS effect on the BSA aggregation at
several pH values. Initially, the heat-induced BSA aggregation
was quantitatively assessed at three different pH values by



Fig. 2. DLS measurement in the course of temperature scan at pH 5.1 (A), pH
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measuring the turbidity at 73 °C as a function of incubation time.
A pH value of 6.2 was selected since the aggregation occurs
through the formation of intermediate at this pH [19–21], and
two other pH values above and below this point to see the
differences. As shown in Fig. 1, there was no increase in
turbidity at any pH value except pH 5.1, where large extent of
aggregates formed quickly. However, in the presence of 0.1 mM
DS, detectable aggregation was totally prevented at pH 5.1.
Although the temperature (73 °C) used in here was well above
the 69 °C, the highest temperature used in studying the
oligomerization [19], any significant turbidity was not observed
at pH 6.2 and pH 7.5. Therefore, the light scattering signal with
thermal scan was measured to obtain more detailed ideas of BSA
aggregation along with the effect of DS.

Light scattering intensity of the BSA solution was scanned in
the course of temperature increase (Fig. 2). An exponential
increase in the scattered light intensity was observed approxi-
mately above 70 °C at pH 7.5, and the same profile was
monitored in the presence of 0.1 mM DS (Fig. 2C). At pH 6.2,
scattering intensity began to increase even at lower temperature.
At this pH, scattering intensity profile after 67 °C (arrow point
in Fig. 2B) was very different in the presence of DS. Diverge of
scattering intensity was monitored in the presence of DS above
67 °C, and the DS seemed to prevent the aggregation to some
extent at higher temperature. At pH 5.1, scattering intensity
sharply increased at 58 °C in the absence of DS (Fig. 2A). The
experimental data above 60 °C in the absence of DS is not
shown here, because the aggregates formed at this pH were
clearly observed at the bottom of the tube. In the presence of DS
at pH 5.1, the scattering intensity slightly increased much
earlier, but the slope was much lower above ca. 60 °C. In this
case, coagulation did not occur within the applied temperature
ranges. These results suggested that the prevention of BSA
aggregation by DS is dependent upon the pH of the solution.

3.2. DS binds to BSA at pH 5.1 by electrostatic interaction

The results of DLS analysis above suggested that the
interaction between DS and BSA is dependent on pH. To
Fig. 1. Heat-induced aggregation of BSA at pH 5.1 (closed circle), pH 6.2 (open
circle), pH 7.5 (closed triangle), and pH 5.1 with 0.1 mM DS (open triangle).

6.2 (B), and pH 7.5 (C). Closed and open circles indicate DLS measurement in
the absence of DS and in the presence of 0.1 mM DS, respectively. The arrow
indicates that diverge of scattering intensity was monitored in the presence of DS
above 67 °C.
investigate the interaction between DS and BSA as a
function of pH, ITC analysis was performed (Fig. 3). At pH 5.1,
ΔHdex

0 initially exhibited a constant large exothermic heat of
− 15.5 kcal/mole and then drop sharply to the heat of dilution
ΔHdex

fin ≈ − 0.01 kcal/mol. The midpoint of the transition was
found at a DS/BSA molar ratio of 0.91±0.01 based on the
molecular weights of DS (∼8 kDa) and BSA (∼67 kDa). The
points of the heat of titration were fit to a sigmoidal curve (Fig.
3B) giving the reaction enthalpy at 25 °C asΔHdex=−16.3±0.2
kcal/mol of DS and the binding constant of K0= (1.9±0.2)×10

6

M− 1. Gibbs energy change (ΔGdex=−8.6±0.2 kcal/mol) and
entropy change (ΔSdex=−7.7±0.2 kcal/mol K) were calculated
from the value of K0 and ΔHdex (ΔGdex=RTlnK0=ΔHdex−
TΔSdex). The complex formation is mostly driven by a large



Fig. 3. ITC data for the titration of BSA solution with a concentrated DS solution at pH 5.1 (A, B) and pH 6.2 (C, D). The top panels (A, C) show the raw data after
baseline correction. The bottom panels (B, D) show the integrated heat of reaction (solid square) and the best-fit curve (solid line) to a 1:1 binding model.

Table 1
Thermodynamic parameters for binding of dextran sulfate (DS) to BSA as a
function of pH

pH BS a K0

M− 1×106
ΔHdex

(kcal/mol DS)
ΔGdex

(kcal/mol DS)
TΔSdex
(kcal/mol DS)

5.1 0.91±0.01 1.9±0.2 −16.3±0.2 −8.6±0.2 −7.7±0.2
5.9 0.33±0.02 1.6±0.1 −11.5±0.2 −7.1±0.2 −4.4±0.2
a BS indicates the number of binding sites of DS to BSA.
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exothermic enthalpy change [22]. At pH 5.9, the heat flow was
significantly decreased and the thermodynamic parameters for
binding were much smaller than at pH 5.1 (Table 1). At pH 6.2,
6.7, and 7.5, the dilution heat of DS was only observed as shown
in Fig. 3C, and the amount of the heat induced by the binding
was too small to be measured. This suggested that the binding
between DS and BSA did not occur above pH 6.2.

In Fig. 3A, the heat flow slightly increased at first four
injections, implying that another low affinity binding site exists
at pH 5.1. To clarify this point, a reverse titration was carried out
(Fig. 4). Above pH 5.1, the result didn't show the increase at the
first few injections, which is similar to that with dextran-into-
BSA titration (data not shown). However, two possible binding
sites were detected at pH 5.1. The minimum in the titration
curve was reached at DS/BSA ratio ≈2.0, and further addition
of BSA led to approximately 1:1 complex. The binding of the
first DS molecule was more exothermic than the second.

To find out whether the interaction between BSA and DS
depends on electrostatic interaction or hydrophobic interaction,
another ITC study was performed as a function of temperature
at pH 5.1. The slope of the straight line in Fig. 5 yielded the
positive molar heat capacity ofΔCp

0 =931 cal/mol·K. This result
was in agreement with the characteristic signature of the
ionization/charge neutralization reactions, comparing to the
hydrophobic reactions with a negative heat capacity [36].
Charge neutralization is accompanied by a positive ΔCp

0 and
may proceed even if ΔH0 is substantially endothermic because
of the positive ΔS0. Table 2 strongly suggested that the
interaction between BSA and DS was accompanied by
considerable increase in entropy, indicating that the electrostatic
interaction plays a crucial role in BSA–DS binding. While BSA
can interact with DS by electrostatic interaction at pH 5.1, BSA
lost its electrostatic affinity to DS as pH increased, and the
binding did not occur approximately above pH 5.9.

3.3. The strong binding of DS does not stabilize the native state
of BSA, rather facilitated denaturation of BSA

A complex formation of DS with BSA could induce
conformational changes in the protein structure, and BSA
might be stabilized against thermal stress. Recently, several
reports indicated that sulfated GAG–protein interaction could
induce conformational change of proteins [14,23–25] and in
some cases stabilized them. Therefore, to elucidate the structural
details of BSA–DS interactions, we investigated the conforma-
tion of BSA in the presence of DS using CD spectrometry
[49,50]. CD spectra of BSA solutions at various pH in the far-



Fig. 4. Titration of DS solution with concentrated BSA solution at pH 5.1. The
top panel shows the raw data after baseline correction. The bottom panel shows
integrated heat of reaction (solid square) and the best-fit curve (solid line) to a
1:2 binding model.

Fig. 5. Temperature dependence of the reaction enthalpy,ΔH0 for DS binding to
BSA. Solid circle and solid line show the experimental results and linear
regression, respectively.
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and near-UV ranges were observed. Observing the two peaks
at 208 nm and 222 nm reflecting the dominant contribution of
α-helical elements [19,37], the α-structure content showed
little difference at different pH (data not shown). Even at pH
5.1, α-helix contents did not change in the presence of 0.1 mM
DS. This result suggested that the interaction of DS with BSA
did not change the α-helix contents of BSA. Signals were
measured in near-UV range to observe the transitions of the
aromatic residues and disulphide bonds of BSA [19]. The
results revealed that no conformational change did occur
neither at different pH nor in the presence of DS (data not
shown). In summary, the CD analysis results indicated that the
DS binding to BSA did not induce the changes in secondary
and tertiary structure of BSA at room temperature.

Near-UV CD spectra were used to monitor the effect of DS
binding on the thermal unfolding of BSA as a function of pH
(Fig. 6). Although the exact melting temperature could not be
determined due to the fluctuations in the signals at higher
temperature, it was possible to compare the differences with DS
during the thermal scanning. At pH 7.5, DS did not induce any
change in the tertiary structure profile of BSA, and the apparent
melting temperatures (Tm,apparent) were quite similar; 71.3±1 °C
in the absence of DS and 70.1±1 °C in the presence of 0.1 mM
DS. However, as the pH became lower, the Tm,apparent values
significantly decreased in the presence of DS. For example, at
pH 5.1, Tm,apparent value shifted to a much lower temperature,
62.9±1 °C and the negative ellipticity had significantly smaller
value than that in the absence of DS. These results suggested
that the interaction between DS and BSA facilitated the heat
induced opening and structural changes of BSA rather than
stabilizing its native state.

3.4. DS was able to bind to the partially unfolded BSA at
pH 6.2

Electrostatic repulsion induced by the formation of BSA–DS
complexes has often been suggested as a feasible mechanism of
suppressing protein aggregation. However, ITC results suggest
that DS does not bind to the native BSA above pH 5.9, which
means other mechanisms must present to explain the suppres-
sion of BSA aggregation in the presence of DS at pH 6.2 (Fig. 2).
At pH 6.2, the light scattering intensity profiles with and without
DS were very similar up to 67 °C. However, diverge of the light
scattering intensity was monitored in the presence of DS above
67 °C (arrow point indicated in Fig. 2), while no electrostatic
interaction was expected according to the ITC results at this pH
(Fig. 3). This contradictory results and the fact that significant
change of the tertiary structure of BSA occur around 67 °C [19–
21] suggest a possible mechanism of the complex formation of
DS-partially unfolded BSA at pH 6.2. To prove this hypothesis,
ITC analysis was applied to investigate the interaction between
DS and partially unfolded BSA. Partially unfolded BSA was
obtained by heating 0.1% (w/w) solution of BSA at 67 °C for
25 min and rapidly cooling the solution in an ice bath as
described elsewhere [20,21]. As shown in Fig. 7, DS bound to
the partially unfolded BSA at pH 6.2 (Fig. 7A), but not at pH 6.7
and 7.5 (data not shown). On the other hand, control experiments
indicated that there was no interaction between DS and native
BSA even at pH 6.2 (Fig. 7C). This result suggests that DS can
bind to the partially unfolded BSA at pH 6.2 at which native
BSA does not interact with DS.

4. Discussion

The heat induced aggregation mechanism of BSA at
concentrations of far below 0.1% (w/w) has been extensively



Table 2
Thermodynamic parameters for binding of dextran sulfate (DS) to BSA as a function of temperature

Temperature (°C) BS a K0 M
−1×106 ΔHdex (kcal/mol DS) ΔGdex (kcal/mol DS) TΔSdex (kcal/mol DS)

15.9 0.91 2.93 −24.8 −8.6 −16.3
20.9 0.88±0.01 2.3±0.2 −20.5±0.2 −8.6±0.2 −11.9±0.2
25 0.91±0.01 1.9±0.2 −16.3±0.2 −8.6±0.2 −7.7±0.2
30 0.87±0.01 1.7±0.2 −11.8±0.1 −8.6±0.1 −3.1±0.1
35 0.87 1.22 −7.1 −8.5 1.5
a BS indicates the number of binding sites of DS to BSA.

Fig. 6. Effect of DS on the thermal denaturation of BSA in the absence of DS
(solid line) and in the presence of 0.1 mM DS (dotted line). Denaturation was
monitored by the changes in ellipticity in the near-UV CD at 268 nm; (A) at pH
5.1, (B) at pH 6.2, (C) at pH 7.5.
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studied. The mechanism comprised of two distinctive processes:
protein unfolding/misfolding and oligomerization followed by
aggregation [18–21,40,41,43]. It has been generally accepted
that the oligomerization is facilitated by the formation of
denatured protein. Considering the general aggregation mechan-
ismmentioned above, we expected in largely twowaysDS could
suppress the aggregation of BSA. One is to prevent the
formation of denatured BSA by stabilizing native BSA and the
other is to prevent the oligomerization. In this study, we showed
that DS strongly bound to BSA at pH 5.1 using ITC analysis
(Fig. 3(A)). Similar to Anthithrombin III [14,44,45], a
conformational change of BSA induced by the complex
formation of BSA–DS could be more favorable to resist thermal
stress [14,42,44,45]. However, the addition of DS did not lead to
neither tertiary nor secondary structural changes at pH 5.1 (data
not shown). On the contrary, the near-UVCD analysis at 268 nm
showed the increased exposure of aromatic residues to the
solvent during the thermal scanning in the presence of DS (Fig. 6
(A)) [19], which means the unfolding of BSA is rather facilitated
by the addition of DS at pH 5.1. Therefore, the DS could
suppress the aggregation by preventing the oligomerization
rather than by supporting more stable structures at pH 5.1.

Recent studies have identified three major properties of
protein that determine the degree of conversion of the partially
or totally unfolded state into aggregates; hydrophobicity, high
propensity to convert from α-helical to β-sheet structure, and a
low net charge [26–33]. Proteins “natively unfolded” under
physiological conditions generally have a lower content of
hydrophobic residues, and exhibit higher total net charge than
its corresponding folded globular proteins [34]. This appears to
be a surviving strategy for the non-globular proteins to avoid
aggregation and to remain soluble in the crowded environment
of cell cytoplasm [35]. Previous studies have shown that BSA
can bind to heparin and other polyelectrolytes at pH values
above pI of BSA (pI ≈4.9). It indicated the existence of a local
protein domain, which makes binding to a strong polyanion
such as heparin possible at certain conditions [46,47,51]. Strong
effects of pH and ionic strength on the amount of BSA bounds
also indicate that the interaction is mainly due to coulombic
force between GAGs and BSA [47,51]. These results are well
matched with our ITC result at pH 5.1, where DS strongly bind
to BSAwith dominant electrostatic interaction (Fig. 5). Similar
to heparin, DS may bind to the positively charged local protein
domain of BSA [47,48,51]. In this manner, the DS may shield
the positively charged domain of BSA. Moreover, one DS
molecule bound to one BSA molecule tends to increase the net
negative charge of the DS–BSA complex approximately up to
27, since DS of 8000 Da has 27 glycosyl residues per one
molecule. Once the net charge of a protein becomes higher,
interactions between the proteins could be hindered by an
overall effect of electrostatic repulsion. Thus, an increase in the



Fig. 7. Interaction between intermediate BSA and DS (A, B) and between native BSA and dextran sulfate (C, D) at 25 °C in 100 mM phosphate buffer and pH 6.2. The
bottom panels show integrated heats (solid square) and the best-fit curve (solid line) by using 1:1 binding models. Left panels (A, B) show that 200 μMDS was titrated
into 30 μM intermediate BSA, with the injection volume of 5 μL, and the right panels (C, D) show that 200 μM DS was titrated into 30 μM native BSA, with the
injection volume of 5 μL.
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net charge of BSA due to DS binding could lead to an
enhancement in the extent of such repulsions, contributing to
the suppression of the further oligomerization or aggregation.

The electrorepulsion followed by the complex formation
between BSA and DS could also explain the effect of DS on the
suppression of the aggregation at pH 6.2. DS did not bind to
native BSA at pH 6.2 according to our ITC results (Fig. 3). Even
if there is a possibility that the heat released by DS–BSA
binding might be too small to be detected by ITC, the weak
interaction would be hard to be maintained at high temperature.
Since the binding interaction between BSA and DS is mainly
exothermic, it should be much weaker at high temperature
(Table 2). However, the additional ITC analysis showed that DS
can bind to the partially unfolded BSA at pH 6.2 (Fig. 7). It
probably means the conformational changes of partially
unfolded BSA would make the protein more susceptible to
bind to DS. Also, by the fact that the light scattering intensity
profile was abruptly differentiated around 67 °C in the presence
of DS (Fig. 2(B)), we suggest that once the DS-unfolded BSA
complex is formed, then it can resist further aggregation
probably by electrorepulsion between complexes.

The results presented here illustrate the mechanism by which
DS suppresses protein aggregation. Three interesting points
were elaborated. First of all, DS–protein complex formation is a
prerequisite for this role. Secondly, strong electrostatic interac-
tion between BSA and DS can rather facilitate denaturation of
protein. This result limits the usage of DS as a stabilizer and
aggregation inhibitor proposed by other studies. Lastly, DS can
bind to the partially unfolded state of protein generated by heat
stress at pH 6.2. To the best of our knowledge, this is the first
report showing that using ITC analysis, GAGs can clearly form
a complex with the partially unfolded protein despite the
presence of electrostatic repulsion, and thereby possibly
suppress the aggregation of the protein. It was suggested that
heparin interacts with a normally transient soluble oligomers,
and then facilitates fibrillation [8]. Similarly, it is likely that the
transition of α-synuclein from an unstructured state to the one
containing substantial β-sheet creates a favorable conformation
for the binding with GAGs, resulting in a highly localized α-
synuclein concentration that favors fibrillation. However, in the
case of DS, DS-unfolded protein complex rather hindered the
local increase in protein concentration probably by electro-
repulsion between complexes. The distinctive difference
between the two phenomena might originate from the structural
difference in the unfolded state of proteins and the nature of the
binding between soluble proteins and DS.
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