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The phase separation of globular protein clusters formed by heat-dengtlaetbglobulin (3-1g) in mixtures

with the polysaccharide-carrageenanxfcar) has been studied at pH 7 and 2D. The effect of the protein

cluster size on the phase separation was investigated by preparing clusters with radii between 20 mmand 1
The formation of protein rich microdomains led to an increase of the turbidity starting at a mini¥aan
concentration that decreased with increasing cluster size, but was only weakly dependent on the protein
concentration. The size and number of microdomains do not depend much on the cluster size, but their density
decreases with increasing cluster size leading to a lower turbidity.

Introduction temperaturé:*6-8 Stable protein aggregates can be formed either
by heating for times shorter than the gelation time or for
In the past, the phase behavior of a wide range of globular concentrations lower thaBy. Phase separation was observed
proteins and polysaccharides has been studiedf the net in mixtures containing protein clusters, whereas the correspond-
charge of the proteins and the polysaccharides is opposite,ing mixtures with native proteins were compatible. Attempts
complexes are formed that may lead to associative phasehave been made to explain the phase separation in terms of
separation with the formation of a phase rich in both polysac- depletion of polysaccharides between neighboring clugtes
charides and proteins. If the polysaccharides are neutral orMicroscopy has shown that spherical protein rich domains are
oppositely charged, segregative phase separation was observefibrmed that have a tendency to associate but not to merge fully
with separate protein rich and polysaccharide rich phases.unless under strong centrifugal forte.

However, mixtures of anionic polysaccharides and proteins far  Here we present a detailed study of mixtureggdéctoglo-
above the isoelectric point (pare usually compatible over a  pylin (5-g) aggregates ane-carrageenanccar) at pH 7. Both

wide range of concentrations. materials are important ingredients for the food indusfryg
In the latter case, phase separation is nevertheless observei a globular protein with radius 2 nm and molar mass 18.4
if the globular proteins are associated into large clustéfs® kg/mol and is the main protein component of WR&S Its

Aggregation of globular proteins often occurs after heat-induced iso-electric pH is 5.2, and at pH 7, it has a net negative charge
denaturation and leads to gelation above a critical protein of 7. When heated at pH B-lg forms well-defined so-called
concentration@y).%~2 The presence of polysaccharides modifies preaggregates that consist of about 100 monomers and have an
the structure of the heat-set protein gels profoundly even if the elongated shape with length 50 nm and width 10'A/4:25The
mixtures are fully compatible before heatitig!é In the heated preaggregates associate further to form a polydisperse distribu-
mixtures, the gels consist of connected and partly fused densetion of self-similar clusters characterized by a fractal dimension
protein domains of a few microns. The overall structure and dr = 2.01226.2"The average size of the clusters formed after
the mechanical properties of the gels depend not only on the extensive heat treatment increases with increasing concentration
concentration of the ingredients and the ionic strength but also and eventually a gel is formed abo@. The aggregates are

on the heat treatment. stable to cooling and dilution.

The origin of the coarse structure of heat-set globular protein  «-car is a negatively charged polysaccharide issued from
gels in the presence of polysaccharides is micro-phase separatioalgae. The sample used for this study is rather polydisperse and
of protein clusters into protein rich microdomai{s.’:18The has a weight average molar mass of 400 kg/#halNe have
latter assemble and form the more or less homogeneous skeletoghosen the conditions (temperature, type, and concentration of
of the gel. The sensitivity of the gel structure to the heating counterions) such thatcar always has a random coil config-
temperature is explained by the different temperature depen-uration29:3°
dence of the rate of protein aggregation and the rate of phase | earlier work!314it was shown that the denaturation and
separation. The first is determined by the activation energy of aggregation of nativg-lg is not influenced by the presence of
denaturation and increases strongly with increasing tempera-,._c5, |n addition, the structure of the aggregates was found to
ture!® The temperature dependence of the latter is not well- pa the same in the absence or presencedr. However, the
known but is expected to be much weaker. growth rate of the aggregates and the gelation rate increased

Obviously, it is difficult to study the process of phase rapidly with increasingk-car concentration. In mixtures of
separation in detail during the formation of the aggregates. aggregates and-car at room temperature, the formation of
Therefore, a few studies have been done on mixtures of micron-size protein rich domains was observed which were
preformed stable protein aggregates and polysaccharides at roomgjmilar to the domains found in the heated mixtuteBhe
microdomains slowly sediment under gravity, and the analysis
* To whom correspondence should be addressed. of the supernatant showed that larger clusters separate prefer-
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Figure 1. (a) Dependence of the turbidity on the x-car concentration
in mixtures with 2 g/L $-lg clusters of different sizes. The z-average 0.0 -2
radii of gyration of the clusters are indicated in the figure. The solid
lines are guides to the eye. (b) Same data as in Figure la after ClgL)
normalization of the turbidity by its maximum value and the «-car Figure 3. Comparison of the dependence on the k-car concentration
concentration by Cy. The solid line is a guide to the eye. of the normalized turbidity (open symbols) and the fraction of phase

separated protein clusters (closed symbols) in mixtures with 2 g/L
entially. The objective of the present work was to study in detail A-Ig clusters of different sizes indicated in the figure. The solid lines
the effect of the protein cluster size on the phase separation.are guides to the eye.

in the sodium form was dissolved while stirring a few hours in hot
Materials and Methods Mili-Q water (70 °C) with 200 ppm sodium azide added as a
bacteriostatic agent. The pH was adjusted to 9 to eliminate the risk of

Materials. The f-lg used in this study was a gift from Lactalis  hydrolysis during preparation. The solution was extensively dialyzed
(Laval, France) and contained about equal fractions of the variants A against Mili-Q water at pH 7 containing 0.1 M NaCl and subsequently
and B. We showed elsewhere that the aggregation rate is equal for thefiltered through 0.45:m pore size Anatope filters. The concentration
two variants in the mixturét Solutions were extensively dialyzed  was determined by measuring the refractive index using refractive index
against salt free Mili-Q water at pH 7 with 200 ppm Naatlded to increment 0.145 g/ml.
avoid bacterial growth. The samples were filtered throughuézore Methods. Light scattering measurements were made using an ALV-
size Anotope filters, and the concentration was measured after filtration 5000 multi-bit multi-tau correlator and a Spectra Physics solid state
by UV absorption at 278 nm using extinction coefficient 0.96 1% g laser operating with vertically polarized light with wavelength 532
cm1.32 B-Ig clusters of different sizes were prepared by the heating of nm. The range of scattering wave vectors covered was<310~2 <
aqueous protein solutions at pH 7 at 8D for 24 h. After this heat g < 3.5 x 102 nm* (q = 4nns sin(@/2)/A), with 6 the angle of
treatment, almost all proteins were converted to clusters. Different sizes observation, ands the refractive index of the solution). The temperature
were obtained by varying the protein concentration and/or the ionic was controlled by a thermostat bath to withii.1 °C.
strength. The-average radius of gyration of the clusters was determined  The turbidity ¢) was determined at 685 nm using cells with path
using light scattering as described elsewt#Ehe size of the largest lengths between 1 and 10 mm depending on the turbidity. The
clusters used for this study was estimated to be aboumlusing temperature was controlled by a Peltier system and mineral oil was
convocal scanning laser microscopy. added to prevent water evaporation.

The k-carrageenan used for this study is an alkali treated extract Confocal scanning laser microscopy (CSLM) was used in the
from Eucheuma cottonand was a gift from Degussa Texturant Systems fluorescent mode. Observations were made with a Leica-T&€F2
(Baupte, France). Using NMR, it was found that the sample contained (Leica Microsystems Heidelberg, Germany). A$y and«-car do not

less than 5%-carrageenatf. A freeze-dried sample of-carrageenan exhibit intrinsic fluorescence at these wavelengths, grtywas IabeledCDV
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Figure 4. Dependence of the minimum «-car concentration needed
to induce micro-phase separation on the -Ig cluster size in mixtures
with different f-lg concentrations indicated in the figure. Cy is
normalized by the value at Rg; = 100 nm.

with fluorochrome, rhodamine B isothiocyanate (RITC). Thus, RITC
(2.5 mg of RITC/g off5-Ig) was added to th¢g-Ilg solution under
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concentration was fixed at 2 g/L while the polysaccharide
concentration was varied. The viscosity efcar solutions
increased strongly at higher concentratiéhgshich limits the
upper value that can be used in the mixtures to about 15 g/L.
The pH was set at 7, and 0.1 M NaCl was added to partially
screen electrostatic interactions. Above a minimurcar
concentration €,,), the mixtures became immediately turbid.
The turbidity ) continued to increase weakly after mixing, but
then it stabilized until after a few days sedimentation set in.
The rate of sedimentation decreased with increasing polysac-
charide concentration as was discussed in ref 7.

Figure 1a shows the dependence of the turbidity onctbar
concentration for a range of protein cluster sizes. For each cluster
size, the turbidity rises rapidly abo¥®, and levels off at about
3 times this value. The minimum-car concentration needed
to induce phase separation and the maximum turbidity ¢f
the mixtures decrease with increasing protein cluster size. Figure
1b shows that the data obtained for different cluster sizes
superimpose iC is normalized byC,, and if 7 is normalized
by 7. This enables an accurate estimation of these parameters
even for the smaller clusters wherg is not reached even at
the highestc-car concentration used in the experiment.

The dependence &, on thez-average radius of gyration
of the clustersRy,) is shown in Figure 2 in a double logarithmic

magnetic stirring for 1 h. Samples were poured between a concave representationC,, decreases with increasing cluster size, but

slide and a coverslip and then hermetically sealed. Observatighigof
were made by excitation of RITC at 543 nm, the emission being
recorded between 560 and 700 nm.

Results and Discussion

Phase Behavior.8-Ig clusters with a wide range of sizes
were mixed withx-car at room temperature. The protein
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the dependence becomes weaker for larger clusters. An increase
of the incompatibility with increasing cluster size is expected,
because the loss of translational entropy of the proteins caused
by phase separation decreases with increasing cluster size. In
addition, depletion forces are expected to be larger for larger
clusters®®37 However, it is difficult to even estimate the latter
effect more quantitatively, because other interactions are
involved such as van der Waals attraction and electrostatic
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Figure 5.  CSLM micrographs of mixtures containing 15 g/L «-car and 0.2 g/L f-lg clusters with different sizes: Ry, = 35 nm (a), 100 nm (b),

270 nm (c), and 1 um (d). The scale bar indicates 20 um.
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least 10 time larger thabhand that there is no simple relationship
between the two parameters.

The microdomains sediment after several days and the
supernatant has been analyzed by size exclusion chromatography
as explained in ref 7. The fraction of proteins that phase
separatesH) increased with increasing-car concentration
starting atCr,, and approaches unity at higkcar concentrations.
However, the turbidity rises more steeply to its maximum value
than E This is shown in Figure 3 where we compdfewith
t/tm. The implication is that the size or the structure of the
microdomains varies with increasirecar concentration. Indeed,

104 -
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10" ¢ it was shown in ref 7 that the microdomains are larger if the
k-car concentration is close @y. In the present investigation,
we confirmed this observation using CSLM. In addition, any

10° e ' ' effect of interactions between the microdomains increases with

0.01 increasing™ and may influence the results at largefThe effect
q (nm™) of the protein concentration on the turbidity will be discussed
Figure 6. Dependence of the scattered light intensity on the below.
scattering wave vector for 0.2 g/L -Ig clusters (circles) in the absence The measurements were repeated at a few other protein
of «-car and microdomains (squares) in mixtures. In Figure 6a the concentrations. At the lowest protein concentration investigated
results are shown for clusters with Ry, = 35 nm and 7 g/L «-car and (0.2 g/L), the mixtures remained transparent even when phase

Figure 6b those for clusters with R;; = 1 um and 4 g/L «-car. The

solid lines have slope —4. separation occurred, ar@h, was determined by measuring the

variation of scattered light intensity. The effect of varying the
protein concentration was found to be relatively weak, and the
dependence dof, on the cluster size was the same within the
experimental error. To emphasize the latter, we have plotted in
Figure 4Cy, normalized by the value @y, = 100 nm Cpy-
(100)) for different protein concentratioi@,(100) = 3.5, 3.0,
and 2.0 g/L for 0.2, 2, and 20 g/L protein clusters. The values
of Cn(100) vary by less than a factor of 2, whereas the protein
concentration varies over 2 orders of magnitude between 0.2
and 20 g/L. To explore the full phase diagram, even lower
protein concentrations need to be studied. However, the relative
scattering intensity of the microdomains becomes very weak at
lower concentrations and is difficult to distinguish from that of
e I the polysaccharides.
10 R 1:)nom) 1000 Structure of the Microdomains. CSLM micrographs (Figure

) & o 5) show at low protein concentrations individual microdomains
Figure 7. Dependence of the maximum turbidity on the $-Ig cluster with radii close to the limit of the resolution, i.e., approximately
size in mixtures with 2 g/L. f-1g. one micron, if thec-car concentration is much larger th@g.
repulsion. Moreover, the clusters are polydisperse in size andIf the k-car concentration is close G, we observed larger
shape; they are flexible and they have a fractal structure. domains’ The domain size does not seem to be significantly

For all cluster sizes, phase separation occurs above the overlapnfluenced by the size of the protein aggregates even if the latter

concentration of the polysaccharide where the correlation lengthis itself about a micron. Using dynamic light scattering,
(&) decreases with increasingcar concentration following a  hydrodynamic radii are found in accordance with microscopy.
power law3® Comparison of of the semidilutec-car solutions In ref 7, it was shown that the structure factor of the
at C, with the cluster size shows that in each c&gis at microdomains determined by static light scattering decreai.g\sl

10

7, (em™)
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Figure 10. Comparison of the dependence of the turbidity on the
k-car concentration for mixtures containing 2 g/L f-lg clusters with
Ryz = 200 nm with and without added salt. The solid lines are guides
to the eye.

size. In addition, it appears from CSLM that the size of the
microdomains is not significantly different. If we assume that
the size and the shape of the domains are independent of the
cluster size, theny, is proportional to the densityp) of the
domains. Of course, the small scale structure is not the same
for microdomains formed with different protein cluster sizes.
However, the contribution of the small values{f)) at large

g to the integral in eq 1 is negligible.

If the microdomains are simply close packed assemblies of
monodisperse clusters, then their density is equal to the density
of the clusters. For self-similar clusteké O Rg so that their
density is given by

p OMRSORI® (2)
Sinceds = 2, it would follow thatz, 0 Ry~%. Experimentally,
; - - a weaker dependence of, on Ry, is observed. One possible
Figure 9. CSLM micrographs of mixtures containing 10 g/L «-car origin for the weaker dependence is the polydispersity of the
and B-lg clusters with Ry = 100 nm at three concentrations. The clusters that increases with increasiRg. Small clusters can
white scale bar indicates 20 um. penetrate the larger clusters and thereby increase the density

compared to a monodisperse system of the larger clusters. This

. : —4 .
as power law with the scattering wave vectdia) U g™, also explains why the clusters are homogeneous on length scales
indicating homogeneous domains. In the present study, we g ,4jjer tharRy;.

confirmed this observation for other protein cluster sizes, see
Figure 6. Deviations occurred at larg@alues indicating a lower
Iimit. of the homogeneous structgre at afevy Fen.s of nanometers.,o protein concentration, which confirms that the phase
Figure 1 shows that the maximum turbidity in the presence gonaration is not very sensitive to the protein concentration.
of excess«-car decreases systematically with increasing ag- o ever,r,, clearly deviates upward above 1 g/L. The relative
gregate size. The dependencergfon Ry is p'f’ottfd In Figure iy crease is probably caused by clustering of the microdomains.
7 and is compatible with a power lawi ] Ry ®“ Ingeneral, 14 jncreased clustering with increasing protein concentration
the turbidity is a function of the concentration, the weight is illustrated in Figure 9 where we compare CSLM micrographs
average molar mass and telependent structure factc(q)) of micro-phase separated mixtures at different concentrations
of the clusters of protein clusters wittR;, = 100 nm. The images at higher
on ] protein concentrations are similar to those of heated mixtures
T= HCijg, jzj S)(1+ cosh)sin6 do dp (1) of globular proteins and polysaccharides indicating that similar
micro phase separation occurs in-situ when the aggregates have
whereH is a constant for a given systeth® If interactions grown sufficiently largé?=1°
between the microdomains can be ignored, then we need to The influence of added salt is illustrated in Figure 10, where
consider only the structure factor of the microdomains. In fact, we compare the variation of the turbidity in the presence or
we will show below that at 2 g/L the effect of interactions is absence of 0.1 M NacCl. In the absence of salt, the increase is
not negligible, but it is approximately the same for different weaker, but it starts at the samear concentration. We verified
cluster sizes. The amount of phase separated protein is close tthat Cy,, was the same with and without added salt for different

the total protein concentration and is the same for each clustercluster sizes, see Figure 3. A more detailed study of the stru&tBr\E}

Figure 8 shows, as a function of the protein concentration
for two different aggregate sizes. Initially, is proportional to
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of the microdomains at different ionic strengths is needed in (13) Capron, I.; Nicolai, T.; Durand, OFood Hydrocolloids1999 13,

order to explain the weaker increase of the turbidity with the 1-5. o _
«-car concentration in the absence of added salt. (14) Croguennoc, P.; Durand, D.; Nicolai, Tangmuir2001, 17, 4380~

4385.
(15) Donato, L.; Garnier, C.; Novales, B.; Doublier, J.Hood Hydro-
; colloids 2005 19, 549-556.
Conclusion (16) Zasypkin, D. V.; Dumay, E.; Cheftel, Bood Hydrocolloids1996
Ja clust h te into microd . h ixed 10,203-211. _
B-lg clusters phase separate into microdomains when mixed 17y ‘apron, 1.; Nicolai, T.; Smith, Garbohydr. Polym1999 40, 233
with «-car at pH 7. The minimum-car concentration that is 238.
needed to induce phase separation decreases with increasing(18) Donato, L.; Garnier, C.; Novales, B.; Durand, S.; Doublier, J.-L.
cluster size, but the effect of the cluster size becomes less for Biomacromolecule005 6, 374-385.

larger clusters. The effect of the protein concentration is small (19 'ée Bon, C.; Nicolai, T.; Durand, IMacromolecule4999 32, 6120~

: ; 127.
in the range between 0.2 and 20 g/L, whe&gvaries by less (20) Tuinier, R.; Dhont, J. K. G.; De Kruif, K. GLangmuir200Q 16,

than a factor of 2. The fraction of protein clusters that phase 1497-1507.
separates increases with increastagar concentration and is (21) McKenzie, H. A.Milk proteins: chemistry and molecular biology
almost unity forC > 15 g/L. The average radius of the Academic Press: New York, 1971; Vol. II.

microdomains is about km at high x-car concentrations (22) Pessen, H.; Kumosinski, T.; Farrell, Bi. Ind. Microbiol. 1988 3,
independent of the cluster size. However, the density of the 89-103.

. . o . . (23) Kinsella, J. E.; Whitehead, D. MProteins in whey: chemical,
microdomains decreases with increasing cluster size. physical and functional propertiesicademic Press: New York,

1989; pp 343-437.
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