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Abstract—The ultrasound velocimetry, densitometry, and differential scanning calorimetry have been used to study the formation of
the complexes between human serum albumin (HSA) and polyanions heparin (HEP) and/or dextran sulfate (DS). The values of the
ultrasound velocity and specific volume allowed us to determine the specific adiabatic compressibility, ¢k/fy, which reflects the
degree of volume compressibility of the complexes. We showed that in the presence of HEP and DS the adiabatic compressibility
of HSA decreases with increasing concentration of polyanions. HEP more strongly interacts with HSA than DS. pH of electrolyte
in the range 4.7-8.5 weakly affects the adiabatic compressibility. Changes of compressibility of HSA can be caused by increase of
the hydration due to the formation of the HSA—polyanion complexes and due to partial unfolding of HSA. The HSA—polyanion
interaction resulted in decrease of phase transition temperature of the protein. This evidences about protein destabilization in

the presence of polyanions.
© 2005 Elsevier Ltd. All rights reserved.

The study of the mechanisms of interaction of poly-
anions with proteins has great significance for molecular
biology and medicine. For example, the protein-DNA
complexes are responsible for transcription of DNA,
gene expression as well as for formation of specific struc-
tures of chromosomes and viruses.!:2 On the other hand,
several polyanions, such as, e.g., dextran sulfate (DS),
heparin (HEP), and pentosan polysulfate reveal certain
therapeutic action against development of transmissible
spongiform encephalopaties (TSE). It has been shown
that these polyanions bind to the prion proteins and pre-
vent their accumulation in animals and cells.> Recent
study revealed that DS blocked the synthesis of prote-
ase-resistant prion (PrPres).* Polyanions could also
inhibit the entry of HIV-1 into the cells.® They play a
substantial role in protein—protein interactions, protein
folding and stabilization® as well as in cell-cell commu-
nication’. Polyanions are important in the functioning
of human fluid-phase complement regulators® and may
be used also in drug delivery.® Protein—polyanion inter-
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actions are in most cases not specific.® On the other
hand, well over a hundred so-called heparin-binding
proteins have been identified.!® However, ability of these
proteins to bind other polyanions (DNA, actin, tubulin,
etc.) suggests that these interactions, although of a high
affinity, are not so specific. In certain cases, however, the
specific binding sites exist.® For example, antithrombin
IIT has specific binding site to heparin.!® High affinity
of polyanions to the proteins is attributed to the pres-
ence of positively charged binding regions'' at the pro-
tein surface and depends on electrolyte pH and ionic
strength.!? The interaction between strong polyanion—
heparin and bovine serum albumin (BSA) has been stud-
ied by dynamic light scattering, capillary electrophore-
sis, and turbidimetry.!>!3 The interaction of BSA with
heparin was observed even at pH well above the isoelec-
tric point of BSA (I, ~ 4.9).!* This evidences about exis-
tence of positively charged domains at the protein
surface, that is at physiological pH in general negatively
charged.'* Existence of positively charged domains has
been confirmed also by computer visualization of the
protein surface.'> According to Hattori et al.!> heparin
is bound to BSA at heparin binding site. Strong interac-
tion of heparin to the other protein—ferricytochrome ¢
has been observed by differential scanning calorimetry.
At low ionic strength heparin induced an important shift
of the transition temperature 7y, from 84.1 to 59.8 °C.
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This was accompanied by large cooperativity of thermal
denaturation of heparin—cytochrome ¢ complex, that
evidences also on strong interactions between protein
molecules.!® The physical mechanisms how polyanions
interacts with proteins are, however, not fully under-
stood. In our recent work, we showed high sensitivity
of the ultrasound velocimetry to study the compressibil-
ity of proteins and their changes caused by oxidation
processes.!® This method was also very sensitive to
study the hybridization of DNA at the liposome sur-
face.!” In this work, we applied the method of measure-
ment of ultrasound velocity and density to study the
compressibility of globular protein—human serum albu-
min (HSA), polyanions DS and HEP, as well as their
complexes. We also used high sensitive differential
scanning calorimetry to study the influence of DS and
HEP on thermal denaturation of HSA. HEP is muco-
polysaccharide, that has been found in extracellular
space of certain tissues. The polymeric chain of HEP
is composed of repeating disaccharide unit of p-glucosa-
mine and uronic acid linked by 1 — 4 interglycosidic
bond. This is a negatively charged polymer with an
average charge of ~2.3 per individual saccharide residue
(Fig. 1a). DS is also a negatively charged polysaccharide
composed of anhydroglucose. At low ionic strength it is
fully extended due to repulsion of negatively charged
groups (Fig. 1b).

Human serum albumin (molecular weight 68.5 kDa),
heparin (molecular weight 14 kDa), and dextran sulfate
(molecular weight 500 kDa) have been purchased from
Sigma and used as received. The properties of these mol-
ecules were studied in a 10 mM NaCl + 10 mM Tris—
HCI, pH 7.6, or in 10 mM NaCl of various pH (4.7;
7.0 and 8.5). pH was adjusted by NaOH or HCI. All
solutions were prepared with Milli-Q water (Millipore,
El Paso, USA).

The measurement of the velocity of ultrasound allowed
us to evaluate the elastic properties of aqueous media.
This is based on a simple relationship: = 1/(pu?), where
p is the coefficient of adiabatic compressibility and p is
the density. The so-called concentration increment of
ultrasound velocity [u] is a convenient parameter that

characterizes changes in compressibility of polymer
suspension and can be easily determined experimental-
ly.!” This value is defined by the equation

[u] = (u — up) /ugc, (1)

where u and u, are the sound velocities of protein
suspension and buffer, respectively, ¢ is the molar con-
centration of colloid particles, e.g., proteins. The deter-
mination of the [u] value is based on the measurement
of changes of resonance frequency of the acoustic wave
propagated in a small cavity (0.7 ml) of the cell con-
taining piezoelectric transducers. It has been shown
that changes of resonance frequency are proportional
to changes of sound velocity.!® In the experiments,
we used a two resonance cell configuration.!” One cell
was filled with sample—HSA, HEP or DS dissolved in
buffer, while the second only with buffer. In the study
of the mechanical properties of the complexes, the
measuring cell was filled with HSA (concentration
5 mg/ml), while HEP or DS was added both to the
measuring and to the reference cells. The ultrasound
velocity was measured at frequency ~7.2 MHz. Since
the intensity of the sonic signal in the sample was very
small (the pressure amplitude in the ultrasonic wave
being less than 10° Pa), any effect of the sound wave
on the properties of biocolloids was avoided. The res-
onance frequencies have been measured by a network
analyzer (USAT, USA).

A high precision densitometric system (DMA 60 with
two DMA 602 M cells, Anton Paar KG, Graz, Austria)
operating according to the vibrating tube principle?® has
been used to determine the density p of the vesicle solu-
tion. Specific volume ¢y was calculated from the density
data using the equation

oy =[1—(p—po)/cl/po=1/po — [p], (2)

whereby the subscript 0 again refers to the buffer and
[p] = (p — po)/(poc) denotes the concentration increment
of density.

The determination of the specific volume in addition to
the sound velocity concentration increment allows us to
estimate the specific adiabatic compressibility, @x/fo, of
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Figure 1. Structural formulas of (a) heparin and (b) dextran sulfate.
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the suspension, which is based on the following
equation:

ok /By = =2[u] = 1/py + 20y, (3)

where ¢ is specific adiabatic compressibility, S is the
coefficient of adiabatic compressibility of the bulffer,
and poy is the density of the buffer.!” The value of
¢@k/Po indicates the volume compressibility of the mac-
romolecules relative to the buffer. The cells used both
in ultrasound velocity and density measurements were
thermostated at 7'=25 % 0.05 °C with a Lauda RK 8§
CS or Lauda E 200 ultrathermostat, respectively. The
accuracy of determination of the sound velocity incre-
ment, [¢], and the specific partial volume, ¢, was better
than 107> ml/g. The accuracy of the determination of
the density was better than 10> g/ml.

Differential scanning calorimetry (DSC) measurements
were performed on high sensitive DASM-4 microcalo-
rimeter (Pustchino, Russia) with a cell volume 0.47 ml,
under a constant pressure of 2 atm. The heating rate
was 1 K/min. HSA was dissolved in a buffer: 10 mM
NaCl + 10 mM Tris-HCI, pH 7.6, the concentration of
protein being 1 mg/ml. We studied the thermodynamic
properties of the pure HSA as well as their complexes
with HEP and DS. The concentrations of polyanions
at these complexes were 0.1 and 1mg/ml. The
accuracy of determination of the excess heat capacity
was 0.1 mJ/K and the accuracy of determination of the
phase transition temperature was 0.1 K. All heating
curves were corrected using an instrument baseline
obtained by heating of buffer.

Each series of measurements was performed at least
three times.

In first series of experiments, we determined the values
of [u], pv, and @x/fy for HSA, HEP, and DS in a con-
centration range 1-10 mg/ml (for HSA) and 5-25 mg/ml
(for HEP and DS). We showed that these values do not
depend on the concentration of individual macromole-
cules, i.e., HSA, HEP or DS in the above mentioned
concentration range. This means that at the used con-
centration range individual compounds HSA, HEP or
DS do not form aggregates. (Please note that the situa-
tion is different for HSA and polyanion complexes, see
below). The measured values are shown in Table 1.

The values obtained for HSA are comparable with those
reported earlier for bovine serum albumin (BSA),>!
which evidence about similar mechanical properties of

Table 1. The concentration increment of ultrasound velocity [u],
specific volume, ¢y, and apparent specific adiabatic compressibility,
@x! o, for buffer solutions (10 mM NaCl + 10 mM Tris—HCI, pH 7.6)
of HSA, HEP, and DS

System  [u] (ml/g) py (ml/g) ox/Bo (ml/g)

HSA 0.156+0.001  0.754 % 0.001 0.198 + 0.001
HEP 0.147+0.002  0.535£0.004  —0.227 £0.010
DS 0.148+£0.005 04890002  —0.323+0.003

The results represent means (£SD) obtained in three independent
experiments.

these globular proteins. The substantial difference be-
tween HSA and polyanions (DS and HEP) consists in
different specific volume and in the ¢/f, value. More-
over, the apparent specific compressibility of DS and
HEP is negative, while that for HSA is positive.

Overall compressibility of the colloid is composed of the
compressibility of the molecule itself + compressibility
of the hydrated shell

o /Bo = (ox/Bo)p + (Px/Bo)ws 4)

where indexes P and H correspond to the polymer and
hydrated shell, respectively.!$?! The hydration term is
negative at relatively low temperatures, while the term
related to the polymer itself is positive. Therefore, the
overall value of the apparent adiabatic compressibility
could be positive or negative depending on the degree
of hydration and temperature. For example, at 20 °C
the compressibility of globular proteins is in the range
0.05-0.15 ml/g, while for more hydrated fibrilar proteins
the values of apparent compressibility are in the range
—0.1 to —0.75ml/g.2" The value of overall apparent
compressibility is therefore a sensitive indicator of the
structural and conformational states of the biopolymer.
From Table 1 it is also seen that the value of @k/fy is
more negative for DS in comparison with HEP, i.e.,
DS is less compressible than HEP. These values differ
significantly according to Student’s ¢ test with p < 0.01.
The differences between compressibility of DS and
HEP are consistent with higher length of DS and conse-
quently with higher degree of hydration.

We studied the changes of the compressibility of the
HSA in the presence of HEP or DS and as a function
of pH of the electrolyte. Like above, the studies were
performed at a relatively low ionic strength, at which
the shielding effect of cations is not remarkable.'? Figure
2 shows the changes of concentration increment, [u] of
the solution of HSA as a function of HEP concentration
at different pH. We can see that [u] values increase with
increasing heparin concentration for all pH. Higher val-
ue of [u] at pH 4.7 may be connected with starting of
unfolding of the HSA at low electrolyte pH.?? Interac-
tion of HEP with HSA resulted in a decrease of specific
volume similarly for all pH studied (Fig. 3). Having [u]
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Figure 2. Plot of the concentration increment of ultrasound velocity,
[u], of the HSA solution (5 mg/ml) as a function of heparin concen-
tration at different pH: 4.7 (O); 7.0 (@); 8.5 (A). The results represent
means (+SD) obtained in three independent experiments.
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Figure 3. Plot of the specific volume, ¢y, of the HSA solution
(5 mg/ml) as a function of heparin concentration at different pH: 4.7
(O); 7.0 (@); 8.5 (A). The results represent means (£SD) obtained in
three independent experiments.

and ¢v, and using Eq. 3, it was possible to determine the
adiabatic compressibility of HSA as a function of HEP
concentration. The plot of this dependence is shown in
Figure. 4. We can see that with increasing of the HEP
concentration the value ¢g/fy decreases and at higher
concentrations of HEP it becomes even negative. More
remarkable differences in compressibility of the HSA—
HEP complexes at pH 4.7 may be connected with addi-
tional positive charge at HSA, that causes a stronger
interaction of the polyanions with protein.

Interaction of HSA with DS revealed a similar behavior
like HEP-HSA interaction. This is demonstrated in Fig-
ure 5, where the plot of adiabatic compressibility of
HSA as a function of DS concentration is presented at
three different electrolyte pH. Similar effect of pH in
the case of HEP and DS at pH 7 and 8.5 could be con-
nected with the fact that both HEP and DS are strong
acids with pK below 3.23 Therefore, at used pH both
polyanions are negatively charged and pH has no signif-
icant effect on this charge. However, at pH 4.7 due to an
additional positive charge at HSA the interaction of this
protein with polyanions is stronger, which is reflected
also in compressibility. The comparison of adiabatic
compressibility for HEP and DS for pH 7 is shown in
Figure 6. It is seen that HEP revealed a stronger effect
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Figure 4. Plot of the specific adiabatic compressibility, ¢x/fo, of the
HSA solution (5 mg/ml) as a function of heparin concentration at
different pH: 4.7 (O); 7.0 (@); 8.5 (A). The results represent means
(£SD) obtained in three independent experiments.
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Figure 5. Plot of the specific adiabatic compressibility, ¢k/fo, of the
HSA solution (5 mg/ml) as a function of DS concentration at different
pH: 4.7 (O); 7.0 (@); 8.5 (A). The results represent means (+SD)
obtained in three independent experiments.
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Figure 6. Plot of the specific adiabatic compressibility, ¢k/fo, of the
HSA solution (5mg/ml) as a function of heparin (O) or DS (@)
concentration at pH 7.0. The results represent means (£SD) obtained
in three independent experiments. T-HEP (OJ) is the theoretical curve
for heparin calculated according to Eq. 5.

on the compressibility of HSA in comparison with DS,
which may indicate a stronger interaction of HEP with
HSA probably due to the existence of a HEP binding
site at the protein surface.

We determined also the values of [u], ¢v, and @k/f, for
HSA, HEP, and DS for three different pH of the electro-
lyte. While for HSA these parameters depend on pH, in
the case of HEP and DS there was no significant pH
dependence on the pH range of 4.7-8.5, that is probably
connected with rather low pK of polyanions (see above).
Table 2 shows therefore only the parameters for HSA.

Table 2. The concentration increment of ultrasound velocity [u],
specific volume, ¢y, and apparent specific adiabatic compressibility,
@K/ Po, of HSA at three pH of electrolyte (10 mM NaCl) and that for
buffer (pH 7.6)

pH [u] (ml/g) oy (ml/g) @x/Po (ml/g)
4.7 0.158  0.002 0.746 + 0.001 0.174 + 0.005
7.0 0.145 £ 0.001 0.754 + 0.002 0.218 + 0.006
8.5 0.153 £ 0.003 0.753 £0.012 0.196 +0.012

The results represent means (£SD) obtained in three independent
experiments.
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We can see that there were no significant differences for
specific volume as a function of pH. However, the adia-
batic compressibility for pH 4.7 and 8.5 was lower than
that for pH 7. This may be connected with partial
unfolding of HSA at these pH, which resulted in a high-
er hydration of the protein.

Obtained results evidence that both HEP and DS
induced decrease of adiabatic compressibility of HSA.
In turbidimetric and light-scattering study of the forma-
tion of the complexes between HEP and bovine serum
albumin (BSA), it has been shown that this formation
depends on electrolyte pH. At pH > 7.2, no aggregates
were formed, while at pH < 5.0 considerable increase
in turbidity and light scattering was observed, that evi-
dences on strong aggregation process. It is interesting
that aggregation has been observed also at pH well
above the isoelectric point of the protein (4.7), where
BSA is dominantly negatively charged. This has been
explained by the existence of positively charged patches
at the protein surface.>* The commercial HSA usually
consists of two components with isoelectric points at
4.8 and 5.6, respectively. The 5.6 component comprises
from 30 to 60% of the total protein.”> However, the
strong interaction of HSA we observed also at pH above
5.6, i.e., when HSA is mostly negatively charged. This
confirms the above-mentioned results of the study of
the properties of BSA—polyanion complexes by turbi-
dimetry, where the aggregation process at the pH higher
than the isolelectric point of the protein was explained
by the existence of positively charged patches at the pro-
tein surface. Thus, a strong interaction of polyanions
with HSA takes place in the wide range of electrolyte
pH. This evidences about the high sensitivity of ultra-
sound velocimetry and densitometry methods. The
decrease of the adiabatic compressibility of the HSA
with increasing of the concentration of polyanions evi-
dences on the formation of HSA—polyanion complexes,
that are characterized by high degree of hydration. Cer-
tainly, due to the additive nature of adiabatic compress-
ibility, this value can be expressed as a sum of the
compressibilities of individual compounds multiplied
by their relative concentrations in a solution

B = BuppX + (1 = X)Busa, (5)

where ff = @k/fBo is the overall compressibility of the
complex HSA-HEP, fygp, fusa are compressibilities
of HEP or HSA, respectively, and X is the molar ratio
HEP/HSA. According to Eq. 5 we calculated the f§ value
for various molar ratios X and plotted this value as a
function of HEP concentration. This plot is shown in
Figure 6 (curve T-HEP, see legend of the figure). We
can see that at high concentration of heparin (3 mg/ml,
1.e., complex of three molecules of heparin per one mol-
ecule of HSA) the experimental point is considerably
more negative than that calculated by means of Eq. 5.
We can assume that due to interaction of HEP with
HSA additional hydration of HSA takes place, which
can be presumably connected with unfolding of the
HSA.

Earlier the hydration phenomena of another poly-
anions—nucleic acids have been studied in detail by

means of ultrasound velocimetry.?® It has been shown
that the hydration contribution to the [u] value of -NH,
atomic group of adenine is about 2.5 ml/mol. If all chang-
es of the value of [u] in the concentration range 1-3 mg/ml
of HEP are related to the changes of hydration of HSA
due to unfolding, then o[u]=0.027 ml/g = (0.027 ml/
g) X (68.5 g/mol) = 1.8 ml/mol (at pH 7.0). Thus, the
deviation from additivity in the formation of the complex-
es between HSA and HEP can be explained by increase
of the hydration of the protein due to unfolding that
corresponds to the hydration of ~1 amino group per
one HSA molecule.

In order to analyze whether polyanions induce the
unfolding of HSA, we used the DSC method. We deter-
mined excess heat capacity as a function of temperature
for pure HSA (concentration 1 mg/ml) and for two con-
centrations of HEP and/or DS: 0.1 and 1 mg/ml. The
plot of excess heat capacity for the system of HSA-
HEP is shown in Figure 7. We can see that for pure
HSA there is a well-resolved peak with a maximum at
64.0 + 0.3 °C, as revealed from three independent exper-
iments. This temperature corresponds to the transition
temperature of the protein.

The transition temperature is in good agreement with
that reported in the literature (65 °C)?’. The presence
of HEP resulted in broadening of the transition peak
and in a shift of transition temperature toward lower
values. At the concentration of HEP 1 mg/ml, the tran-
sition peak is poorly determined and the temperature of
phase transition is ~60 °C. Similar results were observed
also in the presence of DS in a suspension of HSA how-
ever, the influence of DS was weaker (Table 3). At a con-
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Figure 7. Differential scanning calorimetry scans of HSA in a buffer
with increasing concentration of HEP. The HAS concentration was
1 mg/ml. The concentration of HEP in mg/ml is shown at the curves.

Table 3. Phase transition temperature of HSA in the presence of HEP
and/or DS

HEP (mg/ml) T (°C) DS (mg/ml) T (°C)

0 64103 0 6410.3
0.1 62+04 0.1 63.1+0.6
1.0 60+ 0.6 1.0 —
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centration of DS 1 mg/ml, the shift of phase transition
temperature was only ~1 °C. However, at the concen-
tration of 1.0 mg/ml the peak also disappeared like for
HEP. The shift of phase transition temperature to lower
values in the presence of HEP or DS evidences about
destabilization of the structure of HSA and correlates
well with the influence of the HEP to cytochrome ¢.'
The results of the DSC study are also in agreement with
ultrasound velocity and density measurements.

The influence of polyanions on the compressibility
of HSA and on its thermodynamic properties through
possible changes of the polypeptide chain folding sup-
ports the assumption that polyanions could mimics the
action of chaperons in living cells.?® Most recently, the
formation of multilayer assemblies of HEP with HSA
was shown also using FTIR multiple internal reflection
spectroscopy.?’

Thus, the ultrasound velocimetry, densitometry, and
DSC studies showed that polyanions could create
complexes with HSA. The formation of complexes is
accompanied by a decrease of specific volume and
apparent specific adiabatic compressibility of the protein
as well as by a decrease of its phase transition tempera-
ture. This can be connected with increasing of the hydra-
tion of the protein—polyanion complexes and
particularly also with increasing the hydration of the
protein due to its unfolding caused by destabilization
of the protein structure in the presence of polyanions.
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