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The effect of a nonadsorbing polysaccharide (dextran) on the structure factor of a solution of lysozyme was
studied using small-angle neutron scattering (SANS) experiments. By choosing the appropriate water/
deuterium ratio as solvent, we made the scattering signal from dextran invisible for the SANS measurements.
Dextran induces a weak long-range attraction between the lysozyme molecules. This attraction is described
using a depletion interaction potential from theory for two spheres in an ideal polymer solution. Incorporation
of the theory in a mean-spherical approximation shows that the wave vector below which the structure
factor increases depends on the polymer size. The theoretical prediction is in fair agreement with the measured
structure factor of lysozyme, as affected by nonadsorbing dextran.

1. Introduction and an aspect ratio of 118,giving an effective radius of

. . . . gyration close tdRy = 2 nm. Using the specific volume of
Since the pioneering work of de Genrledepletion type lysozyme of 0.702+ 0.003 L/kg at 25°C,* together with

of interaction between proteins induced by nonadsorbing Iongthe molar mass of lysozyme of 14.4 kg/mol, we estimated
polymer chains has received much theoreticaattention. the volume per lysozyme as 1,7 10-26 m2. If t,his volume

A ISO!U“O” ofdprotgwsdlr;mdersgd Ina sem|d|l.ute pol¥mer IIis set equal to an effective sphere of volumeR4:*/3, the
solution was described by de Gennes as a mixture of small g jye sphere radiufRes, equals 1.6 nm. This is in fair

,CO”O'dal spheres (the protelns) havmgqradR;smrnersed agreement with small-angle X-ray scattering (SAXS) of
in a polymer solution with a characterl.stlc'correlatlon Iength, Castelletto et a who could describe form factd(Q) at

._a}. De Gennesshowed that the depletion-induced attraction small wave vecto) with the Guinier approximatiorP(Q)

Is strong wherR >.§ but bgcom_es very weak whéti< £. = exp(—Q?Rs/3), with a radius of gyration of 1.5 nm. If
MOSt. polygacchandeprotem m_|xtures are t_axamples & lysozyme is considered as a hard sphere, its radius equals
< &; in their native state, proteins have a diameter of a few V(5 = 2.0 nm. From the calculated pair distribution
nanometers, whereas polysaccharides have a radius o unction derived from the SAXS data, Castelletto et“al.
gyration (dilute) or correlation length (semidilute) often one could also determine a largest diamet,er of the molecule of
or two magnitudes larger. The stability of polysaccharide 5.0 nm. The effective hydrodynamic radius is 2.1 Hm.
protein mixtures is an important issue because both biopoly- Lysozyme can thus be fairly approximated as a sphere.
mers are present in many food produtsThe properties Lysozyme has the advantage that it has been studied
of polymer-protein mixtures have b_een intensi_vely studied intensely; it easily crystallizes in aqueous salt solutitn.

over the pqst decale’ (fo_r a review on mixiures of The effect of concentration or type of salt on the phase
po Iy_sgccharldes a_”d proteins, see ref 11). Although _alsobehavior of lysozyme solutions are interesting aspects of
significant theoretical progress was made, a sufficient protein crystallographyf The isoelectric pH of lysozyme is

Synergy with e_xpenmental work is still Iackmg._ 11.216The experiments reported in this communication were
This study links small-angle neutron scattering (SANS) made in 0.10 M phosphate buffer at pH 6.0 in which

(rjneil;[(? tro % rAecent thetorrit'fal e:pgroacf: for Cﬁl rqimddllyir:der q lysozyme molecules have a net charge of approximately
ures- As a system 1o study polysaccharide-Inauced g 51 ay g pH, lysozyme is soluble and crystallization only

Qt)e({?crt]lcx\s ber:]tweenn IE) rotezlnrsn, ai m'Xt:”E ?frlyfotz );rT\?vitind occurs at high protein volume fractiong, Recently, Poon
extran was chosen. Lysozyme Is a giobular prote 4 et al?” showed that a universal (i.e., independent of the salt

molar mass of 14.400 kg/mol and is classically described astype) fluid—crystal phase boundary is observed if the ratio

an ellipsoid of revolution with a main radius of 2.25 nm of the salt concentration over the net lysozyme charge is
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in this study. At a ionic strength of 0.10 M, the protein is
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degree that van der Waals and possible other types of 1.50
attraction dominate. This happens at higher ionic strengths
at which crystallization is enhanced. Actually, at a ionic
strength of 0.10 M, Gripon et & measured a positive second
osmotic virial coefficient for lysozyme close to 32104

mol cn? g2 at 27°C. This virial coefficient corresponds to
an effective excluded volume of about six times the volume
of a lysozyme molecule. Under the conditions chosen in our 0.75
experiment, it is reasonable to adduce that lysozyme behaves

effectively as a hard sphere. At 2&, a solubility limit of k
lysozyme was found at 230 g/L, correspondingtes 0.16, 050 0 1
above which crystallization occurs. The aim here is to Qo
measure the effect on the mtelractlons between the IySOZymeFigure 1. Effect of the polymer—colloid size ratio on the structure
molecules due to dextran, which, to our knowledge, has not factor 5(Q) (dashed curves for RIRy = 0.1, 0.3, and 0.5, as indicated)
been done earlier. SANS enables a measurement of the partiatbr small colloids, as compared to the hard sphere structure factor
structure factors of the individual scattering components by (full curve). The polymer concentration is ¢/c* = 0.3, and the colloid
choosing suitable labeling conditions. In the next section, Yolume fraction is 3.5 vol %.

how the structure factor is computed from depletion interac-
tion theory is explained.
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from the single sphere density profiles, allow a calculation
of the interaction potentid&l.

In Figure 1, the structure factd®Q) is plotted as a
2. Theory function of Qo (whereo = 2R) for three colloid-polymer
size ratios R/R; = 0.1, 0.3, and 0.5, for a volume fraction
of the colloids of 0.035 (which is the lysozyme volume
fraction in this study) as dashed curvesdtm* = 0.3, where
c is the polymer concentration and* is the overlap
concentration. The full curve is the hard sphere result. It is

3pc(Q)\ 1 obvious that the attractions lead to an upswingS@@) at
- m) (1) smallQ. As the relative size of the polymer becomes larger,

the wave vector at whic&Q) increases becomes smaller;

Herec(r) is calculated using the mean spherical approxima- longer-range attractions are probed at smaller wave vectors,

The structure factor can be calculated wh#@), the
Fourier transform of the direct correlation functia(r),
wherer is the distance between the centers of the colloidal
spheres with radiuR, is known2?

SQ) = (1

tion (MSA), which is a perturbation of the Peretigevick as was shown first with scaling theory by S&aFhe increase
closure relation. The MSA expression fofr) reads as  ©f S(Q) at small wave vectors is stronger as the relative
follows: polymer size increases.
c(r) = Crs(r) r=2R 2) 3. Materials and Methods
W(N/(KT) 1 > 2R

The lysozyme and dextran were purchased from Sigma
where cys(r) is the PercusYevick?® direct correlation and Fluka, respectively. We mixed aqueous solutions of
function for hard spheres, which is accurate at least up to anlysozyme with solutions of dextran. Dextran is a polysac-
order above the volume fractions relevant for this study, and charide that can be made by the bacteribeuconostoc
W(r) is the depletion interaction potential due to the presence mesenteroidesThe backbone of this polysaccharide mainly
of nonadsorbing polymers. The quantitieandT have their consists ofa(1—6)-linked glucosed’ The dextran sample
usual meaning as Boltzmann’s constant and temperaturehas a number-averaged radius of gyratiBy) (n aqueous
respectively. solution of 20+ 1 nm, and number- and weight-averaged

The interaction potentiaW(r) between two colloidal molar masses oM, = 260 and M,, = 387 kg/mol,
spheres in a solution with nonadsorbing polymers can berespectively, as determined using a combination of size
calculated from the polymer density profiles in the space exclusion chromatography and static light scattering at NIZO
surrounding the two spheres. An analytical expression for food research in Ede, The Netherlands, described in ref 28.
the segment density profile of ideal polymers around a single For dextran, a FloryyHuggins parameter of 0.48 is reported
sphere is availabl&: It is especially important for relatively ~ in aqueous salt solutiori8,indicating that it can nearly be
small spheres compared to the polymers that polymer packingdescribed with Gaussian statistics. The overlap concentration,
effects around the sphere are taken into account rather tharhere defined as* = 3M/(NaA7R%), is 13+ 3 g/L if the
just considering their radius of gyration as effective depletion number-averaged molar mass is used andt19 g/L for
layer thickness. By comparison with computer simulation the weight-averaged molar mass.
results, it was established that the segment concentration SANS measurements were performed with the PAXE
around two interacting spheres is described very well by a spectrometer (Saclay, France) of the Laboratoryorie
simple product of the polymer density profiles around a Brillouin at the Orphe reactor. The sample detector distance
single sphere for any colloiepolymer size ratid.Thus, the was 3.0 m, and the neutron wavelength was 0.84 nm with a
polymer density profiles around the two spheres, obtained wavelength spread of 10%. By choosing appropriate mixtures
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of deuterated and protonated solvent@IH,O), we were 150 —
able to measure the partial structure factors of dextran and E
lysozyme separately. Polysaccharide can be made invisible
in aqueous solution by choosing the appropriat©,0

. N i i | 100 F " unstable region
ratio, which is characterized by wherg, the fraction of = i
D,0. Because dextran mainly consists of glucose, which in 2
polymerized form has a molar mass of 162 g/mol, the 8
scattering length density is estimated as 1xA70'° cm2. 05 50 |
H.O has a scattering length density -©0.56 x 10%° cm2 stable solubilty limit
and DO 6.39x 109cm™2. Thus, the dextran signal can be - _)“ suspension .. l
matched with a solvent having, = 0.25. For lysozyme, 0 L T
Niimura et al*®* made SANS contrast variation measurements 000 005 010 015 020
from which it followed that lysozyme is matched xaf = ®
0.43, which is a common value for proteifisAt the Figure 2. Phase diagram of lysozyme and dextran in 0.10 M

matching condition for dextrarxg = 0.25), the contrast for ~ phosphate buffer at pH 6.0. Below the drawn curve, the systems are

lysozyme is still significant, although the scattering intensity Stable, and above the curve, a phase separation occurs as judged

can be estimated to be reduced by a factor of 6 compared tg?Y Visual observation.

using pure DO. For the experiments reported here, it was 1.2

first checked whether the matching points were indeeg at »

= 0.25 for dextran and atp, = 0.43 for lysozyme. Dilute 1.0

dextran solutions were prepared of 4 g/L in 0.10 M phosphate N -

buffer at pH 6.0 (the pH as measured with a pH meter was 3 08

adjusted to pH 6.0 with NaOH and HCI) witty = 0, 0.20, =

0.80, and 1.00. Similar solvent mixtures were used to dilute g os

lysozyme to a concentration of 50 g/kp & 0.035). The

match points were determined from the conditi¢@) — O, 0.4

as derived from a plot of the root of the scattering intensity

versusxp. The match points correspondedxe = 0.42 + 02—t
0.02 for lysozyme andp = 0.254 0.02 for dextran. Thus, 000 0.02 004 00‘06 0.08 010
suspensions witlxy = 0.25 were prepared of solvent and Q(A")

lysozyme ¢ = 0.035) mixed with dextran, and pure Figure 3. Small-angle neutron scattering intensity of a 3.5 vol %
— lysozyme dispersion (A) and of a 3.5 vol % lysozyme/4.0 g/L dextran
lysozyme ¢ = 0.035) as referenpe system. Because of the mixture (@) at xp = 0.25. The full curves are results of the theoretical
small contrast, the measuring time sv8 h per sample t0  models described in the text for c/c* = 0.2 and a colloid volume
reduce the statistical errors to an acceptable level. Measure4raction of 3.5 vol % for Ry/R = 8.
ments at the matching condition for lysozyme were made
as well, but the statistical errors were too large for a proper
interpretation. The data were corrected for background and

empty cell via standard procedures.

between the lysozyme molecules due to the nonadsorbing
dextran. It is therefore intriguing to try to measure such
attractions, which is possible by using SANS.
Small-Angle Neutron Scattering (SANS). The (cor-
rected) measured scattering intensity of the pure lysozyme
4. Results and Discussion solution atxp = 0.25 is plotted as a function of the wave
vectorQ in Figure 3 (). The solid curve (the lower curve
Phase Behavior.Lysozyme was mixed with dextran at  at small Q) shows the theoretical result for lysozyme in
an ionic strength of 0.10 M (phosphate buffer) at pH 6.0. solution calculated by(Q) = constx Sis(Q)P(Q), where
Because dextran is a neutral polysaccharide, it does notS;5(Q) is the PercusYevick hard sphere structure factor
adsorb onto lysozyme; only oppositely charged polysaccha-and with the Guinier approximatioR(Q) = exp(—[Q?R,%/
rides and proteins tend to associétéThe phase boundary  3]) with R; = 1.5 nm R = 2.0 nm), as is in agreement with
of lysozyme/dextran mixtures in 0.10 M phosphate buffer the results of Castelletto et #iThe constant was fitted such
at pH 6.0 at 25C from visual observation is plotted in Figure that the curve is shifted best toward the experimental data.
2. Stable mixtures remained fully transparent upon mixing  The results for a mixture of lysozyme with (invisible) 4
dextran and lysozyme. A clear upper phase and a turbid lowerg/L dextran (atxy = 0.25) are also plotted in Figure 3. For
phase could identify the unstable region. The turbid phasethis mixture, it is noted that we are far below the phase-
sometimes appeared somewhat gellike. It is clear that theseparation threshold, see Figure 2. It follows from Figure 3
mixture is stable up to quite high dextran concentrations with that the results (with and without dextran) are very compa-
respect to the overlap concentration. Below a lysozyme rable forQ > 0.03 A, except folQ > 0.07 A at which the
volume fraction of 0.16, no crystallization is found upon scattering intensity for the mixture seems to be somewhat
adding dextran. Probably the dextran sample is too large tolarger. This could be an effect of the larger statistical errors
effectively introduce a short-range attraction. for Q > 0.07 A. The main difference is found at sm@ll
Phase separation that occurs at very high dextran concenThe results are describedl§Q) = constx SQ)P(Q), where
tration can be explained by a depletion-induced attraction the shifting constant anB(Q), the form factor of lysozyme,
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were kept the same as before. The effective structure factorSuurmond for technical assistance and M. Ramzi for sharing
of the lysozyme solution with invisible dextran is described the beam time in Saclay. S. Rathgeber and J.E. O’Connell
as follows. The depletion interaction potential that perturbs are acknowledged for a critical reading of the manuscript.
the hard sphere structure factor is calculated under theUseful discussions with M. Fuchs, J. Drenth, G. A. Vliegent-
assumption that dextran can be described as a quasi-ideahart, A. Vrij, C. G. de Kruif, and H. N. W. Lekkerkerker
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polymers can be regarded as quasi-ideal for relatively smallthe measurements. G. A. Vliegenthart, J. K. G. Dhont, and
colloidal spheres. This supposition can be justified by the an anonymous reviewer are thanked for noting an error in
fact that the length scale over which small spheres interactthe Q) calculations in an earlier version of the manuscript.
with the polymer chains is small compared to the coil size.
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