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Abstract 
Osmotic pressure, small-angle X-ray scattering and 
quasi-elastic light scattering were used to study the 
medium-range interaction potentials between macro- 
molecules in solution. These potentials determine macro- 
molecular crystallization. Calf eye lens 7-crystallins 
were used as a model system with the charge, and 
therefore the interactions, varied with pH. The second 
virial coefficient was determined under the same 
conditions with each of the three techniques. Osmotic 
pressure and quasi-elastic light scattering can be used 
conveniently in the laboratory to rapidly test the type 
of interactions (either attractive or repulsive) present in 
the solution. The measurement is direct with osmotic 
pressure, whereas with quasi-elastic light scattering, 
the directly measured coefficient is a combination 
of thermodynamic and hydrodynamic terms. X-rays, 
which require more sophisticated equipment such 
as synchrotron radiation facilities, can provide more 
detailed information on the interparticle potentials when 
models are used. At low ionic strength, two potentials 
were found necessary to account for the temperature and 
pH phase diagram as a function of protein concentration. 
The first potential is the van der Waals attractive 
potential that was previously shown to account for 
the fluid-fluid phase separation at low temperature. The 
second potential is an electrostatic coulombic repulsive 
potential which is a function of the protein charge and 
thus of the pH. The interaction trail could be followed at 
protein concentrations as low as 10 mg m1-1 . The results 
as a whole are expected to be valid for all compact low 
molecular weight proteins at low ionic strength. 

1. Introduction 
The medium-range non-specific interactions between bi- 
ological macromolecules in solution include electrostatic 
contributions, van der Waals attractive interactions, and 
more ill-defined forces like hydration and hydrophobic 
effects (Israelachvili, 1994). These interactions or in- 
teraction potentials govern macroscopic properties such 
as solubility, transparency (Delaye & Tardieu, 1983; 

Tardieu & Delaye, 1988; Vrrrtout, Delaye & Tardieu 
1989), viscosity and osmotic pressure (Parsegian, Rand, 
Fuller & Rau, 1986; Vrrrtout & Tardieu, 1989; Haynes, 
Tamura, Korfer, Blanch & Prausnitz, 1992). At the same 
time, they are relevant to understanding macromolecular 
phase diagrams including the process of phase separa- 
tion (Thomson, Schurtenberger, Thurston & Benedek 
1987; Taratuta, Holschbach, Thurston, Blankschtein & 
Benedek, 1990; Belloni, 1993; Malfois, Bonnetr, Belloni 
& Tardieu, 1996) and the onset of macromolecular 
crystallization (Muschol & Rosenberger, 1995; Ducruix, 
Guilloteau, Ri~s-Kautt & Tardieu, 1996). 

Three approaches, osmotic pressure (OP), small-angle 
X-ray scattering (SAXS), and quasi-elastic light scatter- 
ing (QELS), may help us to study macromolecules in 
solution. In the absence of interactions, OP measures a 
number average molecular weight and SAXS a weight 
average molecular weight. SAXS measures a radius 
of gyration and QELS measures a diffusion coefficient 
related to the hydrodynamic radius. As far as interactions 
are concerned, attractive or repulsive regimes can be dis- 
tinguished from the sign of the second virial coefficient 
measured directly by OP (Eisenberg, 1976), or measured 
in combination with hydrodynamic coefficients by QELS 
(Pecora, 1985). The shape of the SAXS curves is related 
to both the type (attractive or repulsive) and the shape of 
the interaction potentials (Tardieu, 1994). An approach 
combining SAXS, OP measurements and interaction 
model analysis was initially developed to study concen- 
trated solutions and analyze the interactions relevant to 
the optical properties of the lens (Vrrrtout et al., 1989; 
Tardieu, Vrrrtout, Krop & Slingsby, 1992). Later on, 
SAXS experiments as a function of salt concentration 
on concentrated lysozyme solutions in undersaturated 
conditions prior to crystallogenesis, demonstrated that 
crystallization involves attractive potentials. In addition, 
experiments performed with an anion series showed 
that the strength of the attraction was correlated to the 
displacement of the solubility curves, according to the 
reverse order of the Hofmeister series (Ducruix et al., 
1996). At the same time, and in part thanks to recent 
technological improvements, most studies devoted to 
study crystal nucleation and growth make use of light- 
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scattering techniques, either static (SLS) or QELS. They 
were initially used as a tool to detect, in under and 
supersaturated solutions, the evolution of polydispersity 
or the formation of high molecular weight species, that 
could indicate the onset of nucleation (Kam, Shore & 
Feher, 1978; Mikol, Hirsch & Gieg6, 1990; Georgalis, 
Zouni & Saenger, 1992; Zulauf & D'Arcy, 1992; Malkin 
& McPherson, 1994; Veesler, Marcq, Lafont, Astier & 
Boistelle, 1994). Then, SLS and QELS also started to 
be used to study protein interactions, and their varia- 
tions in crystallizing conditions (Skoufi, Munch, Lorber, 
Gieg6, & Candau, 1992; Eberstein, Georgalis & Saenger, 
1994; George & Wilson, 1994; Muschol & Rosenberger, 
1995; Lafont, Veesler, Astier & Boistelle, 1997; Veesler, 
Lafont, Marcq, Astier & Boistelle, 1996). 

With the extension of the scientific interest from 
nucleation in supersaturated solutions to interactions in 
undersaturated solutions, it seemed to us worthwhile to 
reinvestigate the advantages and drawbacks of the three 
techniques, OP, SAXS and QELS. The comparison is, 
however, difficult to make from the data in the literature, 
since the availability of the equipment is quite different: 
QELS and OP are commercially available for laboratory 
use, although membrane osmometers are less widely 
distributed, whereas SAXS requires a synchrotron ra- 
diation facility equipped with a small-angle camera. 
Moreover, the published data have been obtained on 
different systems, examined at different concentrations 
and under different physico-chemical conditions. For in- 
stance, most SAXS studies were performed with concen- 
trated solutions and QELS studies with dilute ones. The 
experiments presented here were, therefore, specially 
designed to allow comparison of the techniques. Total 
7-crystallins extracted from calf lenses were used as a 
model system. These proteins are coded by a multigene 
family with a high level of identity between members. 
They are globular proteins with 173-174 amino acids 
and a molecular weight, M, of about 21 kDa with similar 
three-dimensional structures (White, Driessen, Slingsby, 
Moss & Lindley, 1989; Wistow et al., 1983). They are 
monomers in solution and their attractive behaviour in 
physiological conditions had already been analysed with 
OP and SAXS in relation to the optical properties of 
the lens (Vrrrtout & Tardieu, 1989; Tardieu et al., 1992; 
Malfois, 1995). In particular, the cold cataract opacity 
which develops in the central part of young mammalian 
lenses at low temperature, known to result from a phase 
separation of the ",/-crystallins, had been shown recently 
to result from a short-range attractive potential (Lo- 
makin, Asherie & Benedek, 1996; Malfois et al., 1996). 
The 7-crystallins were, in addition, especially suited for 
our present purpose since their charge, and thus the 
interaction potentials, could be varied in a simple way 
by changing the pH of the solution at low ionic strength. 
Moreover, because of the 7-crystallin molecular weight 
of 21 kDa, the three types of experiment could be 
performed with the same samples. The interest in pH 

variation has been demonstrated for lysozyme by Ri6s- 
Kautt and Ducruix (private communication). 

2. Theory 

2.1. Interaction potentials 

The behaviour of macromolecules in aqueous solu- 
tions is governed by the interparticle interactions as 
well as by the particle-solvent and particle-ion (or 
small solute) interactions (Hansen & McDonald, 1986; 
Israelachvili, 1994). As a first approximation to the de- 
scription of the behavior of biological macromolecules, 
only the interaction potentials between macromolecules 
are considered (Belloni, 1991). The solvent is treated 
as a medium of uniform dielectric constant and the 
ions as point charges (in a second step, some chemistry 
may be introduced if necessary). The weak interma- 
cromolecular forces include a number of contributions 
which, with caution, can be combined. In the colloid 
field, combinations used currently include hard-core, 
repulsive electrostatic coulombic and attractive van der 
Waals interactions. At very short distances, a few ~, the 
hard-sphere or hard-core potential is the expression of 
the fact that macromolecules cannot interpenetrate. The 
electrostatic coulombic forces result from the effective 
charge of the macromolecule and vary from a few ~ to 
nm. With monodisperse solutions of identical particles 
the coulombic pair potential is, therefore, repulsive. With 
proteins in aqueous buffer, the potential is expected to 
vary as a function of pH since the overall charge of 
the macromolecule is a function of pH. In addition, the 
potential is expected to be screened with increasing ionic 
strength, van der Waals attractive forces are expected to 
be pretty much the same from one protein to another, as 
long as the protein compactness remains the same. These 
attractive interactions vary as a function of 1/kT. The van 
der Waals potential has been shown to be sufficient to 
account for 7-crystallin phase separation as a function 
of temperature at pH 7 (Malfois, 1995; Malfois et al., 
1996). 

2.2. Osmotic pressure and virial coefficients 

In an osmotic pressure experiment, the solvent and the 
protein solution are equilibrated on each side of a semi- 
permeable membrane (Eisenberg, 1976; Parsegian et al., 
1986). When the protein concentration is increased in 
one compartment, a solvent flux is observed through the 
membrane towards this compartment, until the excess 
pressure induced by the addition of macromolecule is 
compensated, e.g. by the hydrostatic pressure increase 
due to a /~h difference in the solvent level in the two 
compartments. The osmotic pressure II, expressed in 
10 -5 N cm -2 is written, 

H = pg6h, (1) 

where p (g cm -3) is the solution density, g = 981 cm s -2 
is the gravitation constant and 6h is expressed in cm. 
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Closely parallel to the properties of gas systems, the 
osmotic pressure Ill can be expressed as a function of 
the number of particles per unit volume of solution, pn 
(mol cm-3), and the interactions between them described 
by the second and higher virial coefficients Bi, 

II /pnkT = 1 + B2Pn + B3p, 2, + .... (2) 

where k is the Boltzmann constant, 1.38 × 10-23 J K -1, 
and T the absolute temperature. Osmotic pressure is a 
colligative method which counts the number of parti- 
cles. In practice, pn is converted into macromolecular 
concentration c (g cm -3) using pn/NA = c /M where M is 
the molecular weight in Da and NA Avogadro's number 
to yield, 

I I /cRT = 1/M + A2c + A3 c2 +..., (3) 

where R is the gas constant, 8.31 J K -~ mo1-1. Thus, 
A2 = BzNA/M 2 (mol cm 3 g-2). When the concentration is 
known, the first virial coefficient provides us with the 
protein mass. The sign of the second virial coefficient, 
A2 or B2, is indicative of the type of interactions. It is 
negative with attractive interactions and positive with 
repulsive interactions 

2.3. Small-angle X-ray scattering and structure factors 
The intensity scattered by one particle as a function of 

the scattering vector s (where s = 2sin0/A and 20 is the 
scattering angle), usually called the particle form factor, 
is the Fourier transform of the spherically averaged 
auto-correlation function of the electron-density contrast 
associated with the particle. When the solution is ideal, 
i.e. in the absence of interactions, the total scattering, 
I(0, s), is the sum of the scattering of the individual 
particles (Luzzati & Tardieu, 1980). With solutions of 
monodisperse spherical particles, and in the presence of 
interactions, departure from ideality may be accounted 
for simply by a multiplying factor or interference term, 
S(c, s), which is a function of the scattering angle, 

I(c,s) = I(c, O)S(c,s). (4) 

S(c, s) is usually called the solution structure factor. 
The equation can still be considered valid, yet within 
a smaller s range, with quasi-spherical particles and/or 
polydisperse particles (Tardieu, 1994). To calculate the 
experimental structure factors, a form factor is needed. 
The form factor was obtained from the 1 0 m g m l  -~ 
concentration curve recorded at the isoelectric point, 
by extrapolating towards the origin the linear part of 
the Guinier plot (Guinier & Fournet, 1955). The linear 
part of the plot is obtained outside the low-angle region 
where the interactions play a part. 

Since the solution can be described mathematically 
as the convolution product of a particle shape and a 
particle distribution (i.e. a set of delta functions placed 
at the particle centers), S(c, s) is the Fourier transform of 

the spherically averaged auto-correlation function g(r) 
of the particle distribution. 

f 

S(c,s) = 1 + (N/V) / 47rrZ[g(r) - 11(sin27rrs/27rrs)dr, 
,J 

(5) 

where (N/V) is the number of particles per unit vol- 
ume and c is the particle concentration (gcm-3). The 
structure factor at the origin, S(c, 0) is proportional to 
compressibility. With repulsive interactions, the particles 
are evenly distributed and S(c, 0) is lower than 1. With 
attractive interactions, fluctuations in the particle distri- 
bution are observed which lead to a S(c, 0) value larger 
than 1. To calculate a theoretical structure factor from 
macromolecular interactions, the pair particle potential 
taken as a model is written, either attractive or repulsive, 
from which a particle distribution g(r) at equilibrium 
is inferred. The structure factor S(c, s), and/or macro- 
scopic properties and thermodynamic variables, are then 
calculated from the Fourier transform and integrals of 
the pair distribution function g(r) (Belloni, 1991, 1993). 
The numerical method is iterative. The hypernetted chain 
integral equation is solved for a fluid of hard spheres 
with attractive and repulsive Yukawa tails (Belloni, 
1993), which means that the potentials are described by 
three parameters, particle diameter, potential range and 
potential depth. 

In the present study, a minimum of two potentials, 
a repulsive one and an attractive one, were needed to 
account for the experimental data. It had been shown in 
a previous study that the 7-crystallin phase separation 
could be accounted for by an attractive van der Waals 
potential with a hard core, which is a function of three 
parameters: hard core diameter, and potential range and 
depth from which the Hamaker constant, usually adopted 
to describe the strength of the van der Waals forces 
(Israelachvili, 1994), can be calculated. The particle 
diameter was shown to be equal to the diameter of 
the sphere occupying the 7-crystallin dry volume, i.e. 
36 Zk, and the attractive potential was shown to be short 
range, around 3 A. These values were, therefore, fixed 
in the present study and assumed invariant with pH 
and ionic strength. The Hamaker constant calculated to 
account for the phase separation was of the order of 
3kT, in good agreement with the value calculated for 
proteins in aqueous solvents from refractive index and 
dielectric constant (Israelachvili, 1994). Since, however, 
this fitted Hamaker constant was found to vary slightly 
as a function of protein concentration, it was left as 
a variable in the present study. The variation of the 
structure factors as a function of pH was accounted for 
by the addition of a coulombic repulsive potential. Such 
a potential depends upon an effective particle charge 
which included counterion contributions, and upon De- 
bye length. The Debye length is known when the ionic 
strength is known. Therefore, the fitting parameters are 
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the Hamaker constant and the particle charge (Malfois, 
1995; Malfois et al., 1996). 

2.4. Quasi-elastic light scattering: the contribution of 
dynamic coefficients 

QELS measurements analyse the scattering intensity 
fluctuations, which are related to the motions of 
the macromolecular solute. The time dependence of 
the fluctuations are analysed with a correlator, so 
that QELS experiments measure a photon correlation 
function (PCF). With monodisperse solutions of non- 
interacting particles, the PCF decay as a function of 
time is mono exponential. The PCF decay may become 
rather complicated in the presence of interacting and/or 
polydisperse particles (Pecora, 1985). 

The initial decay of the PCF is determined by particle 
motions taking place at short times. In this case the PCF 
is most conveniently analysed in terms of a cumulant 
expansion (Koppel, 1972), 

Ln(PCF)'/2 = Z K"(-T)n/n!' (6) 
n 

where "1- is the correlation decay time and Kn is the 
nth cumulant. The first cumulant Kl defines an effective 
diffusion coefficient governing the initial decay of the 
PCF, 

K 1 :  Deffq 2, 

where q = (4:rn/A)sin(O/2) is the scattering vector, 0 the 
scattering angle and n the refractive index (note that 
with X-rays the angle 0 is called 20 and that the light- 
scattering q vector is equal to the X-ray scattering vector 
s multiply by 270. The higher cumulants characterize the 
subsequent departure from exponential behavior. With 
non-interacting particles, 

KI -- D0q 2, 

and Kn = 0 for n _> 2, 

where Do is the free particle diffusion coefficient. Do is 
equal to kT/67rzlRh, where z/is the solvent viscosity and 
Rh the hydrodynamic radius. At short times and q ~ 0, 
Deff is identified to the mutual diffusion coefficient D m. 
Dm is governed by direct thermodynamic and indirect 
hydrodynamic interactions. The expression for Dm is, 

Dm ---- D0[1 + H(O)]/S(O), 

3. Materials and methods 

3.1. Osmotic pressure measurements 

The osmotic pressure experiments were performed at 
the Laboratoire de Minrralogie Cristallographie, Paris, 
with a KNAUER membrane osmometer, using Amicon 
YM 10 membranes. The osmometer comprises a lower 
part (solvent cell) and an upper part (solution cell) 
separated by the semi-permeable membrane, 12 mm in 
diameter. The calibration is made against a known 
hydrostatic pressure. The system is thermostated. The 
upper cell is filled with the solution to be measured. A 
piezo-electric captor measures the pressure difference, 
6h (equation 1), between the two solutions after equi- 
libration. With low ionic strength aqueous buffers of 
density close to 1, 6h = 1 mm corresponds to an OP of 
98.1 x 10 -5 Ncm -2. 

The upper cell was first equilibrated with solvent. 
Then a sample concentration series was prepared with 
the same stock solution, and the least concentrated 
sample was measured first. Measurements were made at 
298 K. About 40 B1 were needed for each measurement, 
and each point was repeated three times. The time 
needed for equilibration was of the order of 5-15 min. 

3.2. X-ray experiments 

The experiments were carried out using the small- 
angle instrument D24 (Depautex et al., 1987) at the 

(7) Laboratory for Synchrotron Radiation, LURE (Orsay, 
France) where measurements can be performed in a 
short time, typically in a few minutes, with point colli- 
mation and monochromatic radiation. The X-ray beam 
was monochromatized (A = 1.488 ~,  K edge of Ni) and 
focussed with a bent germanium crystal. The X-ray beam 
had a full-width cross section of about 0.5 × 1.0 mm 
at the detector level. Parasitic scattering was eliminated 
using pairs of tantalum slits, vertical and horizontal. Data 
were collected using a linear position-sensitive detector 
with a delay line readout positioned vertically. In the 

(8) -~-crystallin experiments, the sample-to-detector distance 
was 1232 mm. The angular increment ds/channel was, 
therefore, 2.370 × 10 -4 A, -1 . The experiments made use 
of a specially designed quartz cell that could be filled 
and rinsed in situ (kindly provided by P. Vachette). 
Average exposure times were about 5 min for samples 
and buffers. The intensity curves were subtracted for 
background and normalized for concentration and direct 
beam intensity, but otherwise uncorrected. Iexp(C,S) were 

(9) scaled on a relative value according to Luzzati & Tardieu 
(1980), 

where S(0) is the q ~ 0 limit of the structure factor 
[note that with X-rays, the same structure factor at the 
origin is called S(c, 0)] and H(0) is the q ~ 0 limit 
of the hydrodynamic term (because of the coupling 
between particle motions transmitted indirectly by the 
liquid motions that they induce). 

I(c,s) = Iexp(C,S )/Eoc, (10) 

where E0 is proportional to the photon number of 
the incident beam (measured by reference to a carbon 
sample). 
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3.3. Light-scattering measurements 

QELS experiments were performed at the Centre de 
Recherche sur les Mrcanismes de Croissance Cristalline 
(Marseille) on a SEM 633 light-scattering apparatus 
(Sematech, Nice) with an argon ion laser running at 
a power ranging from 50 to 500mW and operating 
at 514.5 nm (Spectra-Physics 2017). The measurements 
were performed at 90 ° and were processed through 
a multi-7- correlator (UNICOR) with different sample 
times between 0.1 and 1 gs. Before each measurement, 
the samples were centrifuged, filtered through a 0.5 gm 
Millex LCR single-use membrane (Millipore) and intro- 
duced according to the sample quantities in a cylindrical 
glass cuvette with a diameter of either 12 or 8 ram; the 
sample volume was about 300 and 80 gl, respectively; 
solvent density and viscosity were taken equal to the 
water values i.e. 1. 

Diffusion coefficients were computed by the method 
of cumulants and the expension was carried out either 
at the first or the second order. In both cases the 
first cumulant was extracted. At each concentration, 
experiments were performed at different sampling times 
ranging from 0.1 to 1 gs. Diffusion coefficients were 
plotted versus sampling time. The intercept at 7-= 0 
gave a precise value for the diffusion coefficients. This 
procedure was previously described by Walrand (1986). 

3.4. Preparation of  ~/-crystallins 

"y-Crystallins were prepared following the method 
described in Tardieu et al. (1992). The 7-crystallins 
used with all three techniques were the total -y-crystallin 
fraction extracted from the nuclei of fresh calf lenses. 
Although precluding solubility experiments in parallel, 
the choice of the total 7-crystallin fraction was im- 
posed by the need to have enough material in one 
preparation for performing the three series of exper- 
iments. Nuclei were homogeneized in 4 volumes of 
physiological buffer [phosphate buffer pH 6.8, ionic 
strength 150 mM adjusted with KC1, supplemented with 
NAN3, EDTA and dithiothreitol (DTT)]. The solution 
was centrifuged 40 min at 10 000g at 277 K in a Beck- 
man Avanti 30 centrifuge. 7-Crystallins were prepared 
from the clear supernatant fraction by gel filtration 
using a Sephacryl $300 column (volume 120 ml) eluted 
with the phosphate buffer at 277 K. The "~-crystallin 
fractions were concentrated by ultrafiltration (Amicon 
cell with YM 10 membranes) and dialysed against buffer 
1: a 10mM ionic strength NazHPOa/KH2PO4 buffer, 
pH 7.0, supplemented with 4 mM DTT. Their purity 
(absence of higher molecular weight /3-crystallins or 
of degradation products) was checked in buffer 1 on 
a Superdex $75 column using an FPLC (fast protein 
liquid chromatography) system, which verifies at the 
same time that the 'y-crystallins are monomeric. Dif- 
ferent sample solutions were prepared from this stock 
solution by adding HC1 equivalents (HC1 Eq, one HC1 

Eq corresponds to one mole of HC1 for one mole of 
protein) to obtain various solutions of 7-crystallins at 
different protein concentrations and pH. The addition 
of 3, 5, 7, 10, 14 and 15 HC1 Eq resulted in pH 
6.5, 5.4, 5.0, 3.8, 3.3 and 3.2, respectively. "y-Crystallin 
concentrations were measured either by UV absorption 
at 280 nm using e ~ =  2 or with an Abbe refractometer 
using n = 1.3342 + 0.185c. 

The OP, SAXS and QELS experiments presented here 
made use of the same batch of 7-crystallins. It was 
checked with SAXS that experiments performed in dif- 
ferent runs with other protein batches at the same pH and 
concentration conditions displayed the same behavior 
(not shown). The range of protein concentrations was 
2-18 mg m1-1 for OP experiments, 10-22 mg m1-1 for 
SAXS and 7-22 mg m1-1 for QELS. The OP experiments 
were performed at four different pH levels obtained 
by addition of 0, 5, 10 and 15 HC1 Eq. The QELS 
experiments were performed at five different pH values 
obtained by addition of 0, 3, 7, 10 and 14 HC1 Eq. Three 
of these series: 0, 7 and 14 HC1 Eq were then used 
for the X-ray experiments. The samples were made in a 
10 mM phosphate buffer since the crystallins are unstable 
in the absence of any salt, which allowed us to keep the 
screening of the interparticle interaction potentials as low 
as possible. Since the 7-crystallins have a tendency to 
dimerize, their oligomeric state was verified before and 
after the OP, SAXS and QELS experiments using the 
Superdex $75 column and the FPLC system. A few per 
cent of dimers (5-10%) were indeed found in the protein 
pool after the OP experiments. 

4. Results 

4.1. Variation with pH  of  virial coefficients 

The osmotic pressure experiments are shown in Fig. 
1. The OP first varies linearly with protein concen- 
tration and then a curvature is observed. At pH 7 
the OP increase with protein concentration is slightly 
lower than what would be expected without interactions, 
i.e. the second virial coefficient is negative, indicative 
of attractive interactions. Upon addition of HC1, the 
behavior is reversed and the second virial coefficient 
becomes positive, indicative of repulsive interactions. 
The curvature is more and more pronounced as the pH 
is further decreased. 

The virial coefficients can be directly obtained from 
a polynomial fit of the measurements as a function of 
protein concentration. Since the protein solutions were at 
low concentrations, we only considered up to the second 
virial coefficient, A2 (or B2) i.e., 

I I /RT  = (1/M)c + A2c 2. (11) 

Different fits were attempted, second order or third 
order, with and without a constant term. Whatever the fit, 
for each curve the constant term was found to be close to 
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Table 1. Interaction parameters obtained from osmotic pressure measurements, extrapolation o f  X-ray structure 
factors and light-scattering measurements for  various p H  levels 

Ks* interpolated from OP and SAXS, KD* interpolated from QELS. 

Ks* = -2B2"  KD/QELS Ko* K n = Ks* + Ko 
A2/O P A2/SAX S (cm 3 g-2) (cm 3 g-2) (cm 3 g-2) (cm 3 g - l )  

Eq HCI/pH (mol cm 3 g-2) (mol cm 3 g-2) (x  1019) (× 1019) (× 1019) (× 1019) 

0/7.0 --4.2 x 10 -5 - 4 . 2  x 10 -4 3.3 - 3 . 5  - 4 . 3  - 1  
3/6.5 1.2 - 3 . 6  - 1.7 - 0 . 5  
5/5.4 1.6 × 10 -4 - 1 . 3  0.2 -1 .1  
7/5.0 8.8 x 10 -5 - 4 . 3  3.5 2.4 - 1 . 9  

10/3.8 1.0 × 10 -3 - 1 0 . 4  6.2 5.8 - 4 . 6  
14/3.3 1.5 x 10 -3 - 2 1 . 0  10.5 10.7 - 9 . 3  
15/3.2 1.9 × 10 -3 - 2 3 . 9  11.8" - 1 2 . 1 "  

zero, the first virial coefficient close to the same M value 
and the A2 values similar yet with a larger dispersion. 
The fits shown in Fig. 1, and the values given in Table 
1, assume that the constant term is equal to zero and that 
the first virial coefficient, i.e. the molecular weight, is the 
same whatever the pH and is equal to the average of the 
determinations made for each curve independently, i.e. 
25 kDa + 2.5. This value is consistent with the presence 
of essentially monomeric ,,/-crystallins in solution yet a 
small amount of dimers were detected with FPLC after 
the OP experiment. The whole series demonstrates that 
the ,,/-crystallin interactions change from slightly positive 
to rather repulsive with decreasing pH. 

4.2. pH and protein concentration effects on the X-ray 
scattering curves 

The SAXS curves recorded at three different protein 
concentrations and three different pH values are shown 
in Figs. 2(a)-2(c). At pH 7, close to the isoelectric 
point, the intensity near the origin is higher than would 
be expected without interactions. Then, the normalized 
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Fig. 1. OP measurements as a function of protein concentration for 
different pH: o pH 7.0, # pH 5.4, v pH 3.8 and • pH 3.2. The best 
fits indicated in the figure are second-order fits with the constant 
term equal to zero and the first-order term bound to remain constant 
for the four series of experiments. 

intensity near the origin decreases with the pH. The 
decrease is indicative of increasingly repulsive inter- 
actions when the solution becomes more acidic, in 
agreement with the -y-crystallins being more and more 
charged as the pH decreases. Experimental structure 
factors, calculated according to (4), and their best fits, 
determined as indicated in the theoretical part, are shown 
in Figs. 3(a)-3(c). As can be seen in the figures, the 
interaction model described in the theoretical part, which 
depends upon two parameters, the Hamaker constant 
and the charge, reproduces quite well the changes in 
curvature near the origin of the scattering curves as 
a function of pH. The Hamaker constant was first 
determined from a fit of the curves recorded at pH 7, 
i.e. at the isoelectric point. The values necessary to fit 
the curves were found to vary with concentration from 
3.35 to 3.15 kT, close to the value calculated according 
to Israelachvili (1994) for a van der Waals potential 
(2.86 kT), and close to the Hamaker constant found to 
account for the 7-crystallin phase separation (2.7 kT) at 
120 mg m1-1 (Malfois et al., 1996). 

At lower pH, the best fit particle charge increases, 
as expected, with decreasing pH up to 6 charges at 
pH 3.3. The discrepancy with the number of charges 
calculated from the sequence, about 20 at pH 3.3, shows 
that the meaning of the best fit charge is not straight- 
forward. The result might indicate either counterion 
condensation or variations of the attractive component 
with pH, neglected in the present study. Work is in 
progress to clarify the point. In any case and whatever 
the exact molecular meaning of the parameters involved, 
accounting for a concentration and pH series with only 
two parameters, Hamaker constant and effective charge, 
is already a success. 

The X-ray structure factor at the origin is related to 
the osmotic pressure by, 

S(c, O) = (RT/M)(OII/Oc) -1 (12) 

Therefore, if we stop at the second virial coefficient, we 
obtain, 

1/S(c,O) = 1 + (2MA2)c.  (13) 
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Since the structure factor at the origin cannot be 
experimentally recorded, the best fit structure factors at 
the origin, Scalc(C,0), were used instead. The A2 values 
calculated from (13) are given in Table 1. As can be 
seen in the table, the SAXS values are consistent with 
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Fig. 2. SAXS measurements as a function of pH: o pH 7.0, 0 pH 5.0, 
pH 3.3. (note that the batches are the same as those used for OP and 
QELS). (a), (b) and (c) are the experimental scattered intensities at 
different concentrations: (a) 10, (b) 14 and (c) 22 mg ml -j). 
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Fig. 3. Experimental and theoretical structure factors at different 
concentrations, (a, 10 mg ml-I; b, 14 mg ml-~; c, 22 mg ml -~) as 
a function of pH: o pH 7.0, 0 pH 5.0, ~ pH 3.3. The theoretical 
structure factors (continuous lines) are calculated with a hard core 
of 36 A in diameter; the attractive potential has a range equal to 
3 A and a depth corresponding to a Hamaker constant varying from 
3.35 (a-b) to 3.15kT (c); the additional repulsive potential at pH 
5.0 (0) and pH 3.3 (z~), has a range equal to the Debye length and 
depth varying with the electronic charge; Z varies from 2 (a-b) to 
2.7 (c) at pH 5.0; Z varies from 4.5 (a) to 6 (b-c) at pH 3.3. The 
fits deviate at high angles since the model assumes perfect spheres 
and the proteins are only globular. 
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the OP values in the whole range of pH values analyzed: 
A2 changes its sign close to the isoelectric point and 
increases with decreasing pH to reach similar values at 
low pH. 

4.3. Separation of static and dynamic coefficients 
The QELS experiments are shown in Fig. 4. The 

slope of the diffusion coefficient as a function of protein 
concentration at different pH varied from negative to 
positive values when more than 3 HC1 Eq were added. 
(9) can be simplified, using a first-order expansion, to 
give, 

Dm = Do(1 + KDp~) 

= D0[1 + KD(NA/M)c], (14) 

with KD = K~i - Ks 

where Ks (cm 3 mo1-1) is the static term equal to -2B2 
(2) and KH is the hydrodynamic term which for hard 
spheres is nearly equal to 3/4 Ks. The role of KD 
is, therefore, similar to the role of the second virial 
coefficient in an osmotic pressure experiment. With 
attractive interactions KD is expected to be negative. 
With repulsive interactions KD is positive. The error in 
the determination of Dm observed at 14Eq HC1 was 
found to be larger than in the other conditions and 
comparable to a previous observation of Neal (Neal, 
Purich & Cannel, 1984). The authors reported that in 
the case of solutions at low ionic strength and highly 
charged particles, the accuracy of the Dm determination 
was dropped. For 7-crystallins, the same observation was 
made when the HC1 added was varied from 0 to 14 Eq. 

Using (14), the QELS data were fitted by straight 
lines to get Do and KD assuming that the Do value was 
the same whatever the pH, as shown in Fig. 4. This 
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Fig. 4. QELS experiments as a function of protein concentration for 
various values of pH: ~ pH 7.0, A pH 6.5, o pH 5.0, • pH 3.8 and [] 
pH 3.3. The best fits indicated in the figures are those corresponding 
to the same Do values for all series of experiments. Note that the 
error bars increase when the interactions become more and more 
repulsive. 

average Do value of 9.1 × 10 -7 cm 2 s q corresponds to a 
hydrodynamic radius of 24.1 ~, which itself corresponds 
to the monomer size. 

For the sake of comparison, KD measured by QELS 
and Ks i.e. -2B2 measured by OP and/or SAXS were 
plotted in Fig. 5. As can be seen in the figure, KD varies 
linearly as a function of pH in the experimental pH 
range, whereas Ks is better fitted with a second-order 
polynomial approximation. The two sets of fits (Ko and 
Ks) were then combined to calculate the hydrodynamic 
term KH as a function of pH. The K/-/values are given in 
Table 1 and plotted in Fig. 5. K/4 is always negative and 
remains close to zero until pH 5.0. In the case of hard 
spheres, Ks is expected to be equal to -8Vp where Vp 
is the particle volume (i.e. Ks =-2  × 10 -19 c m  3 mol q,  
A2 = 1.5 × 10 4 mol cm 3 g-Z) a n d  KH is expected to be 
of the order of 0.75Ks. Such an order of magnitude 
is observed close to 7 EqHC1. When the interactions 
become more and more repulsive, KH starts varying 
rapidly to reach values of the order of 0.5Ks. 

5. Discussion 

The present study confirms that the type of interaction 
potentials, either attractive or repulsive, can be easily 
demonstrated by any of the three techniques. The vari- 
ation of the second virial coefficients measured by OP 
or SAXS as a function of pH were in good quantitative 
agreement. The small remaining differences might orig- 
inate from the data analysis itself: when the interaction 
potentials become stronger, more virial coefficients have 
a role to play and fitting the experimental data up to 
only the second virial coefficient is certainly a rough 
approximation. If KD measured by QELS is taken as 
a quantitative measure of the second virial coefficient, 
the approximation may be more or less valid according 
to the type of interactions present in solution. The 
observation that the hydrodynamic term varies with the 
type of interactions, coming close to zero in attractive 
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conditions, is in agreement with the recent study of 
Muschol & Rosenberger (1995). 

The general validity of the observation, however, 
remains to be established. Whatever the technique, the 
potential models able to account for a given value of 
the second virial coefficient are many. Since the SAXS 
curves are determined, not only by vifial coefficients but 
also by the potential shape, the recording of complete 
X-ray scattering curves is a powerful tool to discrim- 
inate between different interaction models, to analyse 
whether only attractive or repulsive potentials play a 
part, or a combination of both. If the solution cannot 
be ascertained to be unique by any of the techniques, 
SAXS is potentially the most adequate to determine a 
minimum model (Haynes et al., 1992; Eberstein et  al., 
1994; Muschol & Rosenberger, 1995). 

In terms of convenience, OP has the unique property 
that, since it is a way of counting particles, the lower the 
molecular weight, the better the accuracy or the smaller 
the amount of material and the concentration required. 
The lower limit of the particle molecular weight is, 
however, of the order of 10 000 because of the pore 
size of the membranes available. Once calibrated, the 
osmometer is fairly easy to use and quite rapid since 
experiments on one pH series can be carried out in 
a day. When the salt concentration is increased, the 
system is more and more difficult to equilibrate and we 
have not yet recorded reliable results beyond 500 mM 
salt. The range of osmotic pressure accessible, up to 
2 x 10-1Ncm -2, may also be a limitation, since with 
this equipment the range of accessible interactions is a 
function of the particle molecular weight. Osmotic stress 
experiments (Parsegian et al., 1986) may sometimes 
compete advantageously with membrane osmometers. 

When SAXS can be used, it appears once again as 
a convenient and versatile tool to study interactions 
in solutions of macromolecules (Ducruix et  al., 1996). 
Of course, when only the second virial coefficient (i.e. 
the structure factor at the origin) is needed, SAXS 
appears to be quite complicated approach compared 
with the simplicity and efficiency of OP. Static light 
scattering, which was not considered here, is also easier 
to use than X-rays when only the structure factor at 
the origin is needed (Muschol & Rosenberger, 1995). 
In terms of protein quantities, the amounts required 
are now comparable between the three techniques. The 
limitations here, of course, are the availability of a 
synchrotron radiation facility, of a small-angle camera 
at this facility, and of a set of programs to calculate 
theoretical curves. 

QELS is rapidly becoming widespread as a diagnostic 
tool of the conditions that could lead to macromolecular 
crystallization. Following previous studies (Skouri et  
al., 1992; Eberstein et  al., 1994; Veesler et  al., 1994; 
Muschol & Rosenberger, 1995; Lafont et  al., 1997), 
the present one confirms that indeed, QELS is a good 
tool to determine the sign of the second virial coef- 

ficient and, therefore, the type of interactions present 
in solution. From the value of the slope of the con- 
centration dependence of the diffusion coefficient, the 
value of this coefficient cannot, however, be inferred 
since the hydrodynamic contribution plays an important 
role. The optimal range of molecular weight and protein 
concentration is complementary to those of OP since the 
lower the molecular weight the higher the concentra- 
tion required. These optimal conditions are shared with 
SAXS. The major advantage of QELS compared with 
SAXS or OP is that it is able to conveniently assess 
the monodispersity as well as the polydispersity of the 
solutions, and to be sensitive to very high molecular 
weight species, that cannot be detected with the other 
techniques. 

As far as 'y-crystallins are concerned, the experiments 
presented here demonstrate that their behaviour in solu- 
tion, as a function of pH, may be accounted for by the 
interplay of a short-range van der Waals attractive poten- 
tial and a longer range coulombic repulsive potential. At 
acidic pH, the second virial coefficient can reach values 
at least one order of magnitude higher than would be 
expected from the simple case of hard spheres. Since 
the lens function is determined by the lens crystallin 
interactions, it is interesting to specify the parameters 
which may act on the interactions. 

As far as proteins are concerned, the results obtained 
indicate that protein solutions of about 5-20 mg m1-1, 
when studied at low ionic strength, may be far from 
ideal. As expected, the departure from ideality is all 
the more pronouced far from the isoelectfic point. Such 
large interaction effects at low protein concentration 
might have undesirable consequences like precluding 
any accurate determination of radii of gyration. Since 
the problem has not yet, to our knowledge, been re- 
ported in the literature, other experiments are required 
to determine whether such strong interactions are only 
observed with small proteins, or are owing to some 
particular feature of 'y-crystallins. Another explanation 
could be that, fortunately for us, most proteins have 
been studied so far in higher ionic strength buffers, in 
conditions where the charges are essentially screened. 

It seems now widely accepted that solution studies 
may help to optimize crystallization conditions. The 
present study demonstrates that, in addition to the widely 
used light-scattering techniques, osmotic pressure and 
small-angle X-ray scattering are powerful tools to an- 
alyze the protein interactions at the basis of protein 
crystallization. The minimum potential model able to 
account for the low ionic strength phase diagram and 
for the shape of the X-ray curves was a combination of 
an attractive van der Waals potential and of a repulsive 
coulombic potential. These two potentials are expected 
to be the basic non-specific potentials acting in solutions 
with all small compact globular proteins. Other more 
specific effects like those associated with the salting-out 
process can only act on that basis. 
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6. Conclusions 

Osmotic pressure, small-angle X-ray scattering and 
quasi-elastic light scattering have been used to study 
-y-crystallin interactions as a function of pH. The main 
results are summarized below. 

At low ionic strength the interactions could be mea- 
sured at low protein concentration. They were shown to 
vary from attractive to repulsive when going from the 
isoelectric point to more acidic pH. This seems to be a 
general observation for small compact proteins. 

Osmotic pressure and small-angle X-ray scattering 
were both demonstrated to be convenient to establish 
interaction phase diagrams and measure second virial 
coefficients. 

The pH (and temperature) phase diagram could be 
accounted for by the combination of an attractive van der 
Waals potential and of a repulsive coulombic potential. 
Such a combination should be of general validity for 
small compact proteins. More specific effects involved 
in protein crystallization can only act by modification of, 
and/or by additions to these fundamental interactions. 

We can expect, in future, to predict solubility curves 
and phase diagrams from the type of experiments pre- 
sented here. 
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