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The formation of electrostatic complexes betwgecasein and- and«-carrageenans is well-known. However,

the molecular mechanism of the complexation has yet to be determined, particularly with respect to the
conformational changes of the interacting macromolecules. High-sensitivity differential scanning calorimetry was
used to studys-casein/carrageenan mixtures at different pH values (3.0 to 7.5), ionic strengths (0.03 and 0.15
M), and various molar protein/polysaccharide ratios480). The effects of these variables on the temperature,
enthalpy, and width of the helixcoil transition ofi- and«-carrageenans were investigated. Neither pH nor the
protein/polysaccharide ratio influenced the transition temperature of either carrageenan in the complexes. However,
the transition enthalpy of both carrageenans in complexesAvitasein decreased to zero with both decreasing

pH and increasing protein/polysaccharide ratio. This may reflect an unwinding of the polysaccharide double helix
induced bypg-casein, a conformational change which is fully reversible in conditions of sufficiently high ionic
strength. The interaction gf-casein with:- and k-carrageenans was approximated in terms of the model of
binding of large ligands to macromolecules, that provides the binding constants for these biopolymers.

Introduction complex formation with proteins have not been investigated
despite their potential use as models of the nonspecific interac-
tions between double stranded DNA, proteins, and amphiphilic
polymers. The aim of this work therefore is to investigate
conformational aspects of the polyelectrolyte complexes formed

by p-casein withi- and x-carrageenans.

The carrageenans belong to a family of water-soluble, regular,
linear polysaccharides originating from red marine algae. There
are several types of carrageenans of differing primary struc-

Protein-polyelectrolyte (DNA) complexes play important
roles in living structured-2 The increasing interest in these
complexes results from their probable biological functions and
their potential application in nanotechnologte&drug and gene
delivery/=10 encapsulatioA>12 and the food industrj3-1°
Studies on proteinranionic polysaccharide complexes are
summarized in several reviewss 16

Electrostatic interactions play a key role in the formation of
protein—anionic polysaccharide complexes which can therefore
be controlled by pH, ionic strength, and the protein/polyelec-
trolyte ratiol*17.18 Soluble inter-biopolymer complexes exist
mainly in dilute polymer solutions at pH values near or above
the isoelectric point of the protein. A decrease in pH to below

ture31-33 -Carrageenan is composed of alternatingl—3)-
D-galactose-4-sulfate anftd(1—4)-3,6-anhydra-galactose. Car-
rageenan chains af and A-types are composed of the same
disaccharide units that have two and three sulfate groups,
respectively, in 1,4 linked galactose unitsand:-Carrageenans
are gel-forming polysaccharides and are used extensively in food

that of the isoelectric point of the protein and an increase in the and pharmaceutical products as gelling, thickening, and stabiliz-

bulk biopolymer concentration favor the formation of insoluble
inter-biopolymer complexes. Information about conformational
changes in proteinpolyelectrolyte complexes in dilute solutions

is limited. Formation of complexes with unstructured anionic

ing component8232 In aqueous solutions, in the presence of
cations and depending on the temperatarend:-carrageenans
can have two conformations, a random coil conformation at
elevated temperatures or a helical conformation at low temper-

polysaccharides decreases the conformational stability of someatures. Thus far, however, the mechanism of the heloil

globular proteind?2° Complex formatiof?*24 and phase
separatiof162528 in mixtures of helix-forming polysaccharides
and proteins, as well as rheold§¢12>272%nd gelatiofP-30 of

conformational transition of the carrageenans has not been
resolvect! In earlier work both single-hel?#37 and intertwined
double-heli¥8-43 conformations were reported forand«-car-

these mixtures, have been intensively studied. Neverthelessrageenans. Later, the intramolecular double strand structure of
conformational changes in ordered polysaccharides induced by;-carrageenan appeared more probédbié® For k-carrageenan,
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the situation is more complicated, particularly because of the
highly pronounced association of its helicé&? In dilute
solutions an increase in molecular weight ,etarrageenan
occurs due to the coilhelix transition?6:49:51.52However, other
works*3-55 did not indicate changes in molecular weight of the
polysaccharide related to its conformation. Thermodynamic
approaches did not provide much progress in the problem of
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the helix—coil transitions inc-carrageenaPf It is thought that
the double helix-coil type of transition in this polysaccharide
is more probabléL5758 For elucidation of the mechanism of
the helix-coil transition ink-carrageenan in the intramolecular
level it would be advisable to use high-sensitivity differential
scanning calorimetry that was successfully applied to other helix
forming polysaccharide®:>°

Bovine$-casein is a small protein (¥ 24 kDa) constituting
of about 35% of the casein fraction in cow’s miklt is a
polypeptide chain noted for its lack of tertiary structf€?
which contains phosphoserine residues providing thé"Ca
promoted precipitation of this protefd.At low temperatures,
in dilute aqueous solutions of low ionic strengfiacasein exists
as a monomett% When the temperature increases, the
monomers associate and form micefi¢&>67.68The association
of f-casein is sensitive to pH, ionic strength, and protein
concentratiof>%%-7"1 but the mechanism of associatéf*"3and
the protein micelle structués8.7475are unclear.

This work investigates conformational changesofand
k-carrageenans that can be caused by the electrostatic interactio
with -casein in dilute solutions. The effects of pH and polymer
ratio on the helix-coil transition of the polysaccharides were
determined. The binding of the protein to the polysaccharides
is described in terms of the model of binding of large ligands
to macromolecules.

Experimental Section

Materials. Bovine f-casein (Eureal, France) was used without
additional purification«-Carrageenan (Sigma) was dissolved in distilled
water (5 gL™1) and mixed with 20% aqueous KCI solution to a final
KCI concentration of 4%. The resulting gel was separated by
centrifugation, washed several times with a 4% KCI solution, dialyzed
against distilled water, and freeze-dried to obtain a potassium salt of
k-carrageenan.

-Carrageenan (Sigma) was dissolved in distilled water (L0,
transferred to a column (250 25 mm) containing a cation exchanger
KU-2 in H*-form, and eluted with water. The acid eluate was
immediately neutralized with solid KOH, dialyzed against distilled
water, and freeze-dried to obtain a potassium sakoafrageenan. The

chemical composition of the polysaccharide samples was analyzed usmgcarrageenan in 4O at 80°

13C and 'H NMR spectroscopy. The sample ofarrageenan was
essentially homogeneous while tkecarrageenan sample contained
about 6%-carrageenan. Molecular weights of the carrageenans were
determined using the size-exclusion chromatography-multiangle laser
light scattering (SEC-MALLS) as outlined by Tuinier et’&lThe
following molecular weights were obtainedM, 91 kDa for
(-carrageenan, anell, = 294 kDa fork-carrageenan.

Preparation of the Protein/Polysaccharide ComplexesA stock
solution of3-casein was prepared in water and the pH adjusted to 9.0.
The solution was filtered through a membrane (Q:49 and the protein
concentration determined spectrophotometrically assurBiegnm =
4.6 (for 1%)77

Carrageenans were dissolved in 0.03 or 0.15 M KCI {forand
(-carrageenan, respectively) and the solutions were heated t€ 90
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p-casein were studied in 0.15 M KCI, whereas complexes-céirra-
geenan with3-casein were studied in 0.03 M KCI and in 0.03 M KCI
containing 0.12 M NaCl. The KCI concentrations were chosen to
provide the comparable stabilities of double helix conformations of
and«-carrageenans.

High-Sensitivity Differential Scanning Calorimetry. HS-DSC
measurements were carried out with differential adiabatic scanning
calorimeters DASM-4 and DASM-4A (“Biopribor”, Russia) within the
temperature range H100°C under a pressure in excess of 2 atm and
a heating rate of 1 Knin™'. Two consecutive scans were performed
for most of the protein/polysaccharide mixtures. The remarkable
difference between the first and second scans reflected the effects of
thermal history of the biopolymer mixture. Where three consecutive
scans were performed, the second and third scans were completely
reproducible. The thermograms of the second scan were therefore used
to determine the transition parameters using “Nairta” software from
the Institute of Biochemical Physics, Moscow. The apparent heat
capacity was normalized per gram of carrageenan in the mixture, since
the contribution of the association ffcasein to the overall heat effect
was negligible under given conditions. The excess heat capacity function
n ] . . )
was obtained by subtraction of a transition baseline from the apparent
heat capacity function. The transition baseline was constructed by spline
interpolation of the linear segments of the apparent heat capacity
function before and after the transition. The transition parameters, i.e.,
the transition temperaturd;, and enthalpyAih, were determined as
the maximum temperature and area of the excess heat capacity peak,
respectively. The transition widtiT, was determined as the ratio of
the transition enthalpy and the maximal value of the excess heat
capacity.

Light Scattering. Measurements of light scatterindgo, of the
protein/polysaccharide mixed solutions were carried out at thei®fle
and at a wavelength of 436 nm using a spectrophotometer Specol (Karl
Zeiss Jena, Germany) coupled with a pH-meter and titrator Radiometer
(Type TTT1, Copenhagen). The mixtures were prepared at pH 9 in
0.03 M KCI (k-carrageenan) and 0.15 M KGk¢arrageenan), placed
into a 15 mL spectrophotometer cell, and stirred continuously. Aliquots
of 0.025 M HCI were added automatically to decrease the pH of the
solutions from 9.0 to 2.5 in 0.1 pH units. Computer acquisitioteef
values was performed as a function of pH using an analogue interface.

NMR Spectroscopy.The 13C NMR spectra were recorded with a
Bruker DRX 500 spectrometer at 125.76 MHZA solution of 0.5%
C was prepared. This solution was sonicated
for 1 h inmelting ice (Heat Systems XL 2020 sonicator,’ 1i2, power
475 W, frequency 20 kHz) and lyophilized. For the NMR analysis, the
solution was dissolved in f to concentrations of -510%, the pH
was adjusted to pH-78 with solid NaHPQ,, and the solution was
added ® a 5 mm NMRtube.

1H NMR spectra were recorded on a Bruker DRX600 spectrometer
operating at 500.13 MHz at 6%. Typically 64 scans were taken with
intervals of 20 s (thd; values for the resonanceswefand:-carrageenan
were shorter than 1.5 s). Sample preparatiortfoNMR experiments
involved dissolving the carrageenan sample i@Dip to a concentration
of 0.5% at 80°C and sonication for 3 (1 h) periods in a sonicator bath
(Branson 2510).

SEC-MALLS Analysis. Size exclusion chromatography was per-

and held at this temperature for 10 min. The polysaccharide concentra-formed using TSK-gel 6000PW and TSK-gel 3000PW columns
tion of the stock solution was ascertained by the dry residue method. (Phenomenex) in series with a TSK quard column (Phenomenex) with
Protein/polysaccharide mixtures were prepared by the gradual Simultaneous detection from a ERC-7510 RI-detector (Erma Optical
addition of the protein stock solution to the annealed polysaccharide Works Ltd.) and a Dawn DSP-F multiangle laser light scattering
solution under continuous stirring. The mixture was titrated with HC| detector (Wyatt Technology Corp.). A Shimadzu LC-10AT program-
solution to a desirable pH, incubated for 30 min at room temperature, mable HPLC pump with a Jour Research X-Act in-line degassing unit
and then subjected to calorimetric measurements. The composition ofwas used at a constant flow rate of 1 miin~2. Elution was performed
the mixture was characterized by the protein/polysaccharide weight using a 0.1 M solution of LiN@ Data analysis was carried out using
ratio, r, which was controlled by addition of the protein while the ASTRA for Windows software (Wyatt Technology Corp.). Samples
polysaccharide concentration was constant (0.5 and 1:@ntng for were prepared by adding MilliQ water (5 mL) to carrageenan (10 mg).
k- and-carrageenan, respectively). Complexes-oarrageenan with After storage overnight at 4C, samples were heated to 80 for 30 CDV
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Nephelometric titration curves for p-casein (1) and its

mixtures with (-carrageenan (A) and «-carrageenan (B). The protein/
polysaccharide weight ratio r = 2.5 (2) and 0.5 (3). Solvent, 0.15 M
KCI (A) and 0.03 M KCI + 0.12 M NaCl (B).

min. Prior to analysis samples were diluted with a concentrated §iNO
solution to the concentration of the eluent.

Results

Nephelometric Titration of Mixtures of f-Casein with ¢-
and k-Carrageenans,5-Casein is soluble in aqueous media at
basic and neutral pH values and precipitates sharply around pH
5.0, i.e., in the vicinity of its isoelectric point (pl 4.98). Figure
1 shows theg-casein solubility profile obtained by measurement
of the light scattering intensity in the pH range 2.5 to 9.0. The
maximum lgp corresponding to aggregation (precipitation) of
the protein is observed at about pH 4.2 (Figure 1 A, B, curve
1). The titration curves for mixtures @gfcasein with- (Figure
1A) and «- (Figure 1B) carrageenans show that the light
scattering intensity decreases with increasing polysaccharide
content. This is particularly pronounced for the mixtures of
pB-casein withx-carrageenan. For example, the mixture at
0.5 demonstrates a shift of the light scattering maximum to acid
pH values (Figure 1B). This means that addition of carrageenans
can extend the pH range of solubility gfcasein to a weak
acid region.

HS-DSC Data for Mixtures p-Caseint-Carrageenan
Figure 2 displays apparent heat capacity curves for the mixture
pB-casein-carrageenarr (= 2.5) in 0.15 M KCI at different pH
values. At this salt concentration and in the absengeadsein,
the heat capacity curve afcarrageenan contains a single
asymmetric peak at about BZ irrespective of the pH value
(Figure 2A,F). This peak has been assigned to the melting of
the carrageenan double hetfThe thermograms of the mixture
[-casein-carrageenan change markedly with pH (Figure-2A
F). At pH 5.8, the melting transition afcarrageenan is not
affected by the addition g8-casein (Figure 2A) and the broad
low-temperature peak in the thermogram of the mixture is
related to heat-induced associatiorBedaseirf® A decrease in
pH reduces the height of the transition peak-carrageenan
without notable change in its position (Figure 2B). At pH
4.0 the peak of-carrageenan practically disappears (Figure 2F).
Curves at pH 5.4 and pH 5.2 refer to soluble complexes
pB-casein-carrageenan while insoluble complexes exist at pH
< 5.0. A gradual change in the melting transitioncafarrag-
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Figure 2. Heat capacity curves of -carrageenan (circles) and of its
mixture with S-casein (solid lines) at different pH values: 5.8 (A); 5.4
(B); 5.2 (C); 5.0 (D); 4.5 (E); 4.0 (F). Solvent, 0.15 M KClI; the protein/
polysaccharide weight ratio r = 2.5; the concentration of (-carrageenan
1.0 mg-mL~1.
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Figure 3. The helix—coil transition temperature (A), enthalpy (B),
and width (C) of (-carrageenan in the reference solution (1) and in
the mixtures with §-casein (2) at different pH values. The dashed lines
indicate the average values of the transition parameters for (-carra-
geenan alone. Solvent, 0.15 M KCI; the protein/polysaccharide weight
ratio r = 2.5; the concentration of (-carrageenan 1.0 mg-mL~1,

Thus, the formation of a complex with-casein affects the
ordered structure afcarrageenan. Formation of a complex also
completely suppresses the micellizatiorfedasein (Figure 2B
F) thus shifting the monomemicelle equilibrium toward the
monomeric form of the protein.

Figure 3 shows three main hetixoil transition parameters
of (-carrageenan in the mixtures wifhcasein at different pH
values. These are the transition temperatlirethe transition
enthalpy, Ath; and the transition widthAT. The transition
temperature of-carrageenan in the complexes wjthcasein
does not change significantly upon changing pH and is close
to that of -carrageenan alone (Figure 3A). The transition
enthalpy of (-carrageenan decreases on decreasing pH and
disappears at pH below 4.0 (Figure 3B). The transition width
of «-carrageenan in the mixtures withcasein increases with
decreasing pH (Figure 3C), which reflects changes in the
cooperativity of the transition. Transition temperature, transition
width, and enthalpy of the polysaccharide in reference solution
do not change with pH.

Heat capacity curves of mixe@casein-carrageenan solu-

eenan was observed for both soluble and insoluble complexestions when the protein/polysaccharide ratis increased, ar%DV
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Figure 4. Excess heat capacity curves of (-carrageenan in the
reference solution (A) and in the mixtures with 5-casein (B—H) at I S [ S EE TR N —
different values of the protein/polysaccharide weight ratio r= 0.5 (B); 20 40 60 80 100
1.0 (C); 2.0 (D); 2.5 (E); 3.5 (F); 5.0 (G); 10 (H) and pH 5.0. Solvent, T oC
0.15 M KCI; the concentration of (-carrageenan 1.0 mg-mL~1, ’
Figure 6. Excess heat capacity curves of (-carrageenan in the
56 |- A mixture with S-casein (r= 2.5) in 0.15 M KCI (1), in the same mixture
O 54 ;§§§ 3 after addition of 0.45 M NaCl (2) and of (-carrageenan alone in
< i Ey il . +0. .0.
Vs f X 7 0.15 M KCI + 0.45 M NaCl (3) at pH 4.0
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Figure 5. The helix—coil transition temperature (A), enthalpy (B), L L Lo L1

and width (C) of (-carrageenan in the mixtures with -casein as a 30 40 50 60 30 40 50 60 030 40 50 60 30 40 50 60
function of the protein/polysaccharide weight ratio r. The dashed lines T,°C

indicate the average values of the transition parameters for (-carra- Figure 7. Excess heat capacity curves of «x-carrageenan in the
geenan in the reference solution. Solvent, ?-15 M KCI; pH 5.0; the reference solution (A) and in the mixtures with S-casein (B—H) at
concentration of i-carrageenan 1.0 mg-mL~*%. different pH values: 7.3 (A, B); 6.5 (C); 5.8 (D); 5.5 (E); 5.2 (F); 5.0

) ) . ~ (G); 4.0 (H). Solvent, 0.03 M KCI; the protein/polysaccharide weight
shown in Figure 4. The overall effect at pH 5 (Figure 4) is ratio r = 2.5; the concentration of x-carrageenan 0.5 mg-mL~L.

similar to that observed on decreasing pH (Figure 2): the
transition heat capacity peak efarrageenan decreases in height (curve 3). The enthalpy is recovered by about 80%. Conse-
with an increase in protein content in the mixture while the quently, screening of electrostatic interactions by the high salt
position of the peak does not change. concentration results in dissociation of the protein/polysaccharide
Figure 5 shows the effect of the protein/polysaccharide ratio complex and a recovery of the polysaccharide helical structure.
on the transition parameters ofcarrageenan for the mixed HS-DSC Data for Mixtures f-Caseink-Carrageenan.To
ﬁ-caseirw-carrageenan §o|gt!ons. The transition temperature Qf compare the influence @i -casein on helical structure of and
i-carrageenan Is not S|gn|f|ca_n_tly dependent on the protein -carrageenan, the effects of the protein/polysaccharide weight
content (Figure 5A). The transition enthalpy decreases to Zero i and pH of mixedp-caseiné-carrageenan solutions have

on increasing the protein content (Figure 5B) while the transition been studied at two ionic strength values. The ionic strength of

width increases with an increase in the protein/polysaccharide . . -
ratio (Figure 5C). 0.03 M KCI provided approximately the same stability of double

Thus, both a decrease in pH and an increase in the protein/gel“; ‘;/‘l“ggflnggq_"f"clf‘"?ge‘?”?” ai’ thattﬁtgrégg&er&e&:m
polysaccharide ratio similarly affect the heligoil transition '12 M N .I ('j']?na y, the lonic streng ’ id
of «-carrageenan in mixtures wiftrcasein. Both these factors 0. aCl used fok-carrageenan seems to provide compa-

significantly reduce the cooperativity of the heligoil transi- rable scre_ening of _electrostatic interactionscofind(-carrag-
tion. eenans withs-casein.
Figure 6 shows that in th@-caseintcarrageenan mixture with Figure 7 shows the excess heat capacity curveg-msein/

r = 2.5, at pH 4.0 and 0.15 M KClI, thecarrageenan helix is ~ k-carrageenan solutions over a range of pH values,=a2.5
practically removed (curve 1). Addition of 0.45 M NaCl to the and at KCI concentration of 0.03 M. At this ionic strength the
mixed solution results in a cooperative transition with a large heat capacity curve of-carrageenan has a main peak at about
enthalpy (curve 2). Both position and profile of the curve are 50 °C and a small shoulder at £& (Figure 7A). The minor
close to those of-carrageenan in 0.15 M KCF 0.45 M NaCl transition may correspond to a cooperative dissociation of he&B’;\I/
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Figure 8. The order—disorder transition temperature (A) and enthalpy
(B) of k-carrageenan in the mixtures with $-casein at different pH
values. The dashed lines indicate the average values of the transition
parameters of «-carrageenan in the absence of the protein. Solvent:
0.03 M KCl (circles, 1); 0.03 M KCI + 0.12 M NaCl (squares, 2). The
protein/polysaccharide weight ratio r = 2.5; the concentration of
r-carrageenan 0.5 mg-mL~1,
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Figure 9. Heat capacity curves of x-carrageenan in the reference
solution (A) and in the mixtures with -casein (B—F) at different
protein/polysaccharide weight ratios, r= 0.6 (B); 1.2 (C); 1.4 (D); 2.5
(E); 5.0 (F) at pH 5.0. Solvent, 0.03 M KCI; the concentration of
«-carrageenan 0.5 mg-mL~1,

aggregates, which have been observed in KCI solutions of
k-carrageenaPit52 The main peak seems to reflect the melting
of k-carrageenan helices. At pH 7.3 and 6.5 the ordksorder
transition ofi-carrageenan is not affected by the addezhsein
(Figure 7B,C), but a further decrease in pH specifically changes
the thermograms of th@-caseink-carrageenan mixture. At pH
values of 5.8, 5.5, and 5.2, the height of thearrageenan

transition peak decreases without apparent change in its position

(Figure 7D-F). At pH 5.0 the mainc-carrageenan transition
peak becomes similar in area to the low-temperature peak
(Figure 7G). At pH 4.0 th@-caseint-carrageenan mixture does
not reveal any cooperative transitions, perhaps due to the
complete loss of the polysaccharide helical structure (Figure
7H). Similar effects of the protein on the heat capacity curves
of k-carrageenan were observed in 0.03 M Ki€0.12 M NaCl
(data not shown).

Figure 8 represents two calorimetric parameters of the
k-carrageenan ordedisorder transition; the transition temper-
ature, T;, and enthalpyA:h. The transition width was analyzed
qualitatively, because of the bimodal profile of thearrageenan

Burova et al.
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Figure 10. The order—disorder transition temperature (A) and
enthalpy (B) of «-carrageenan in the mixtures with 5-casein as a
function of the protein/polysaccharide weight ratio r at pH 5.0. The
dashed lines indicate the average values of the transition parameters
in the absence of the protein. Solvent, 0.03 M KCI (circles, 1) and
0.03 M KCI + 0.12 M NaCl (squares, 2); the concentration of
k-carrageenan 0.5 mg-mL~1.

transition. The transition temperature ofcarrageenan at an
ionic strength of 0.15 M exceeds that at 0.03 M b$C4 while

the transition enthalpy is the same at both ionic strengths. As
in the case withi-carrageenan, both transition parameters of
k-carrageenan in the reference solution do not depend on pH.
The effects of pH on the transition temperature and enthalpy of
k-carrageenan in mixtures wighcasein at ionic strength of 0.03
and 0.15 M are also shown in Figure 8. The transition
temperature ok-carrageenan in the mixtures is close to that of
k-carrageenan alone and does not depend on pH (Figure 8A).
This is typical of both low and high ionic strengths. The
transition enthalpy ofk-carrageenan in the mixtures with
p-casein decreases with a decrease in pH (Figure 8B), disap-
pearing at pH about 4.0 and 3.0 at the low and high ionic
strength, respectively. It is noteworthy that an increase in ionic
strength from 0.03 to 0.15 M affects both transition parameters
of k-carrageenan in the mixtures wiflacasein, similarly. This
could mean thafi-caseint-carrageenan complexes are rather
stable to changes in ionic strength.

The heat capacity curves gfcaseint-carrageenan mixtures
with increasing protein/polysaccharide ratipat pH 5.0 and
ionic strengths of 0.03 and 0.15 M are shown in Figure 9. The
overall effect is similar to that observed on decreasing pH
(Figure 7). The height of the transition heat capacity peak of
k-carrageenan decreases with an increase in the protein content
(Figure 9B-F), but the position of the peak does not change.

In Figure 10 the transition parameters iotarrageenan in
mixtures withj-casein are shown as a function of the protein/
polysaccharide ratio. The transition temperature-cérrageenan

is not dependent on the protein content (Figure 10A), but the
transition enthalpy decreases to zero with increasing protein
content (Figure 10B). The decrease in enthalpy is less pro-
nounced at an ionic strength of 0.15 M than at 0.03 M due to
higher electrostatic screening of the protepolysaccharide
interaction.

Thus, conformational changes in and k-carrageenans
induced by electrostatic complex formation witfcasein have
a common feature: a reduction of the carrageenan helé%)(/
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Figure 11. A simplified scheme of the coil—helix transition in

carrageenans: A, in reference solution; B, in complexes with 5-casein.
C and H represent the random coil and double helix conformations
of the polysaccharide, respectively; L is the monomeric form of
p-casein.

without changing the helix stability. Factors responsible for this
effect are pH and increasing content of the protein in the
complexes.

Discussion

The main result from the complex formation of and
k-carrageenans with-casein is a decrease in the polysaccharide
ordering degree. At ionic strengths of 0.15 M KCI fecarra-
geenan, and 0.03 M KCI and 0.03 M KCI/0.12 M NacCl for
k-carrageenan, both polysaccharides seem to exist at low
temperatures in the form of double helices or associated single
helices (helix dimers). Schemes of the carrageenan order
disorder transitions in the absence and presengecafsein are
shown in Figure 11.

The coil-helix conformational transition in thg-casein/
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Table 1. Parameters of Binding of f-Casein to - and
k-Carrageenans

salt
polysaccharide concentration N2 P J2[R205¢  KIML
i-carrageenan  0.15MKCI 168 9.4 1.1 5.8 x 10*
k-carrageenan  0.03 M KCI+ 693 9.5 11 2.2 x 104
0.12 M NacCl
k-carrageenan  0.03 M KCI 693 15.2 1.7 1.7 x 107

a2 N is the number of disaccharide repeating units per polysaccharide
chain calculated from the number-average molecular weight of the
polysaccharide (91 and 294 kDa for «- and «-carrageenan, respectively,
determined by SEC-MALLS) and the molecular weight of the K*-form of
the corresponding disaccharide (543 and 424 for - and «-carrageenan,
respectively). ? [ is the apparent size of the bound protein expressed as
the number of the disaccharide repeating units. ¢ [R?[9> = 4.6 nm is the
gyration radius of the protein.®* ¢ K is the intrinsic binding constant.
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carrageenan complexes can be represented by the followingFigure 12. Helicity, Xu = Ah(r)/Ath(0), of «-carrageenan (A) and

stoichiometric equation:
2[Cln—nmLvrny = L HIN-n Lo} 2 1)

whereC andH are the coil and helical state of the disaccharide
repeating unit, respectivelylN is the total number of the
repeating units in polysaccharide(r) is the number of the
repeating units excluded from the helix formation because of
attachment of/(r) molecules of the protein ligand, r is the
protein/polysaccharide weight ratio. If one protein molecule
blocks| repeating units, then(r) = Iv(r). It is reasonable to
assume that the transition enthalpy is proportional to the number
of the repeating units participating in the transition:
Ah(r) ON—n(r) (2)

In this case the relative change of the transition enthalpy due

to the complex formation can be expressed as follows:

ARC) _N-nm) _, _n0)_, _ ()
Ah(O) N N N

N ®)

The valueg(r) = 1 — Iv(r)/N characterizes the fraction of
sites (i.e., the polysaccharide repeating units) occupied by the
bound protein molecules. It can be calculated in terms of the

model of binding of large ligands by macromoleculg#\c-
cording to this model the binding isotherm is written in the form:

o1 = (1= Tle] KL — voapti@ — ) =0 “

k-carrageenan (B) in complexes with S-casein as a function of the
protein/polysaccharide weight ratio r. Solvent: 0.15 M KCI (A); 0.03
M KCI + 0.12 M NacCl (B, 1) and 0.03 M KCI (B, 2). Lines represent
the best fits of eqs 3 and 4 to the experimental data (see comments
in the text).

whereK is the intrinsic binding constanit;r(r) is the total molar
concentration of the ligand that is a trivial function of the
protein/polysaccharide weight ratio at a constant weight
polysaccharide concentrationsax = N/I; Mt is the total molar
concentration of the polysaccharide.

Equations 3 and 4 were used for approximation of the
experimental dependences of the transition enthalpy on the
protein/polysaccharide weight ratio upon variation of an apparent
size of the protein ligantland of the intrinsic binding constant
K. The best fit values of these parameters are given in Table 1,
and the corresponding calculated curves are shown in Figure
12.

At ionic strength 0.15 the values of the paramdtéor (-
and«-carrageenans coincide well (9.4 and 9.5 repeating units,
respectively). Assuming the length of the repeating unit to be
equal to the distance between the neighbor chargescarra-
geenan, that is 1.03 nffl,an apparent length of the bound
fB-casein at ionic strength 0.15 will be of about 9.8 nm.
This is in a good agreement with the diameter of this protein in
a random coil conformation®?(%-5 = 9.2 nm® However, for
K-carrageenan at ionic strength of 0.03; 15.4, i.e. the apparent
length of the boung@-casein exceeds its coil size by a factor of
1.7. This is probably a consequence of the coil deformation
(extension) upon binding. Such an extension is greatly possible
at a very low ionic strength, when electrostatic interact&)ﬂv
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between protein and polysaccharide is most pronounced. Upon
binding, the protein adopts a more asymmetric conformation
that could provide a more tight contact between charged groups
of the protein and polysaccharide.

Under conditions of similar electrostatic screening (at ionic
strength of 0.15 M) the binding constants ferand «-carra-
geenan are equal to 5:810* and 2.2x 10* M1, respectively.
These values fall into the range of binding constants reported
for nonspecific binding of proteins to the double helix of
DNA.8182The higher value of binding constant fecarrageenan
is in accordance with the higher charge density of this
polysaccharide as compared«tearrageenan. This fact is not
surprising and obviously reflects an electrostatic nature of the
p-casein/carrageenan binding. Decreasing the ionic strength from
0.15 to 0.03 M increases the binding constantd@arrageenan
by about of 3 orders of magnitude (Table 1). Such a high
sensitivity to salt concentration makes the proteiarrageenan
interaction similar to the proteinDNA interactions. A sharp
dependence of constants of nonspecific protein binding by DNA
is known to be a typical feature of DN%;%* suggesting that
the main driving force of these interactions involves release of
counterions accompanying the protepolyelectrolyte complex
formation.

Functional properties of carrageenans, in particular rheological
properties of the gels, are determined by relative contents of
helical regions and kinks in the polysaccharide molecule.
Prevalence of any of these structural motifs adversely affects
the rheological properties of the gels, but incorporation of
optimal quantities allows desirable rheological properties to be
obtained®86 Partly helical complexes of carrageenans with
proteins are therefore of great interest for various applications
in food technology, pharmacology, and biotechnology.

Conclusions

p-Casein forms stable electrostatic complexes wittand
(-carrageenans which are soluble in a considerably wider pH
range thang-casein alonep-Casein reduces helicity of the
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