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“Sticky hard spheres” model of proteins near crystallization: A test based
on the osmotic compressibility of lysozyme solutions
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In order to establish a simple model of protein interparticle interaction near crystallization conditions, we
have measured the osmotic compressibility of the metastable fluid phase of hen egg-white lysozyme within the
fluid-solid coexistence region. Light scattering measurements were performed in an extended volume fraction
range at pH=4.7 as a function of temperature. A sufficient amount of NaCl has been added in order to severely
screen the electrostatic interactions. Below 0.2 M NaCl, the system can still be kept in a metastable fluid phase
for a sufficiently long time before nucleation of the crystal phase takes place. The experimental compressibility
up to particle volume fractiond~0.23 is compared to the theoretical expression for adhésstieky” ) hard
spheres, and the agreement is found satisfactory. We also determined the values of the Baixésiveness
parameter, which shows an apparent linear temperature dependence within the investigated temperature range.
These results suggest that the main temperature dependence of the interparticle interaction potential is simply
through the BoltzmankgT factor.[S1063-651X98)51408-0

PACS numbdps): 87.15.Da, 82.70.Dd

All current attempts to understand and predict crystalliza- o0, r<o
tion processes in protein solutions, which are essential in V(r)
. . . ——=1¢ In[1276/(c+ o <r<o+4
order to develop systematic strategies and reliable crystal keT n[1278l(0+9)], o<r<o @)

growth protocols in structural biochemistry, would greatly 0, r>o+o
benefit from a description of protein phase behavior in terms

of simple models of interacting colloidal particles. Proteinswherer is the interparticle distance between spheres of di-
can be treated as charged colloids which generally crystallizametero, and 7 is a parameter inversely proportional to the
by adding a substantial amount of sédtell beyond what is  strength of the attractive interaction. Besides showing a
needed to screen electrostatic interactiptisus exploiting  metastable fluid-fluid coexistence, this limiting model sug-
what is generally called the “salting-out” effedtl]. Al- gests that, for sufficiently short range potentials, amorphous
though the physical origin of salting out is still poorly under- aggregation processes taking place near a dynamic percola-
stood, there is growing evidence that globular proteins, in théion threshold could hinder the transition to the ordered
presence of a sufficient amount of added salt, behave as hapfase[9]. Similar effects have indeed been observed with
spheres interacting via an attractive potential with a rangéatex particles interacting via a very short range surfactant-
much shorter than the particle radius. The most relevant fednduced depletion potential, and explained in terms of dy-
ture of the phase diagram for such a system is that the fluid?@mical percolatior10]. _
fluid phase separation is always metastable with respect to R0Senbaum, Zamora, and Zukogkil] have been re-
the fluid-solid transitior[2]. This fact has been experimen- centl_y able fo show that the ph_ase d|agra_1m of lysozyme is
tally observed both for the eye protejacrystalline and for consistent W!th what is numen_cally predicted .for a short
hen egg-white lysozymi8—6]. Recently, it has been pointed range gttractlve Yuk_awg potent@], t_)y measuring at the
out that this metastable fluid-fluid coexistence curve shoul§o e tlme_thel §tab|l|ty !"."'t of the fluid region _and the sec-
play a fundamental role in crystallization kinetics, for the ond osmotic virial coefficienB,, and by assuming tha,
lar tration fluctuat th (st BI ticqan be related to the parameter by the AHS expression
ge concentration fluctuations near the metastable critica
point should considerably speed up the nucleation processes
[7]. Most proteins, however, fail to crystallize even if pre- BY*-B, 1
pared in strongly supersaturated solutions, and rather show T: ar 2
aggregation processes leading to amorphous aggregates, 2
which may eventually, but not necessarily, restructure into
low-quality crystalg1]. whereBY®=27¢°3 is the second virial coefficient for hard
The simplest interaction that may account for all thespheres. The strength of this beautiful result is, however
above observations is the Baxter adhesive hard-spheggartly limited by the fact that)ahe value of the second virial
(AHS) potential[8], which is the limit for6—0, that is, for  coefficient is weakly dependent on the exact form of the
vanishing range, of interparticle potential, being only a first order correction to
the independent particle behaviour, andhe exact freezing
line for AHS is poorly known due to intrinsic instabilities of
*Present address: LaboratEnergéque et Ractiviteaux Inter-  the solid phase which are probably connected with the pres-
faces, UniversitéPierre et Marie Curie, Paris, France. ence of the percolation lingl2].
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In order to firmly establish whether a highly screened so-concentration dependence of the refractive index of the
lution of charged proteins can be mapped onto the AHSysozyme solutions was measured by an Atago 3T Abbe re-
model it is necessary to directly compare data for the osfractometer at the sodium-line for different temperatures
motic pressure in a wide concentration range to the full theand corrected for dispersion, giving an almost temperature-
oretical AHS osmotic equation of state. Since the equilibindependent valuein/dc~0.197 cni/g. Sample cells were
rium solubility of a protein in salting-out conditions is kept in a thermostated room at~28 °C, and transferred
generally quite low, most of the experimental data must unjust before the measurements into the scattering apparatus
fortunately be taken in the metastable region of the phasermostat, which allows one to control the sample tempera-
diagram, and this in turn is possible only provided that thefuré to within 0.01 °C. The sample temperature was mea-
crystal nucleation kinetics is much slower than the experiSuréd by a thermistor in close thermal contact with the cell
ment time-scale. The main purpose of this paper is to shov@nd the scattered intensity monitored until they both reached
that, by exploiting the peculiar supersaturation properties oft Stable value, when acquisition was started and intensity
lysozyme solutions in an intermediate salt concentratioy@lues cyclically measured and averaged over about one
range, and by employing careful sample preparation protor_nlnute. The concentration of the sample in the cell was care-
cols, this result can indeed be obtained. The resuling odully cross-checked after measurement both by UV absorp-
motic compressibility data closely conform to what is ex- tion 'and refractive index increment. The par.t|cle volume
pected for adhesive hard sphere. Moreover, by studying thfaction ® was calculated from the concentration by using
osmotic compressibility curve as a function of temperafyre th€ lysozyme specific volume=0.71 ml/g. Measurements
a direct relation between the stickiness parametand T Where taken on samples of increasing concentration up to
will be derived, and conclusions about the temperature devalues where crystallization kinetics became noticeable on a
pendence of the attractive part of the potential will be madelime scale of a few hours. For the 0.2 M NaCl preparations

Six times recrystallized egg-white lysozyme was obtainedhere was clear evidence for nucleation enhancement by criti-
from Seikagaku(Japan, Lot # E96301 and used without cal fluctuations observed in most concentrated samples at
further purification. The lyophilized compound was dis- low temperatures. Ind_eed., liquid-liquid phase separation, fol-
solved in 50 mM NaAcO buffer, and the pH of the solution lowed by fast crystallization, was observed at temperatures
was adjusted to 4.7 by addition of acetic acid. The ionicP€low 10 °C for lysozyme concentration larger than about
strength of the solution at pH4.7 is estimated to be about 250 mg/ml. This is qualitatively consistent with the results
30 mM. This batch solution was centrifuged, and the finalPy Muschol and Rosenberggs], although the boundary of
concentration, as determined by absorption\at280 nm, the coexistence curve at pt4.7 seems to be a_lt h_|gh_er Fem—
was found to be&,~330 mg/ml. Mother solutions at 0.1 and Peratures than those observed at=pHS. Liquid-liquid
0.2 M NaCl were prepared by adding small amounts of 3 pvpPhase separation boundaries are extremely sensitive to the
NaCl in NaAcO buffer. lonic-shock induced aggregates weréharge value, which decreases about 10% by increasing the
slowly dissolved by gently stirring the solutions while they PH from 4.5 to 4.7, and there might also be dependence on
were kept aff~40 °C. Dilutions were prepared by volume the buffer concentration. Hence, we do not regard this dis-
adding appropriate amounts of NaCl in NaAcO buffer. A Crepancy as particularly puzzling. In a few cases, we also
straightforward calculation, using a value of about 12 for theheticed that partial mixing during dilution, evidenced by the
surface charge of lysozyme at pH.7, shows that at 0.1 M appearance of Schlleren.p'atterns in the cell, lead to an ap-
NaCl the residual effect of the electrostatic repulsion is alPreciable increase of turbidity even at room temperature, fol-
most negligible. On the other hand, preliminary observationd®Wed by incipient demixing. However, if the cell is imme-
of the crystallization kinetics for NaCl concentration larger diately transferred to a thermal bath at temperatures above
than 0.2 M, show that nucleation is sufficiently slow only 32 °C and gently rocked, turbidity disappears, the sample
within a limited supersaturation range, corresponding to par?€cOmes optically uniform and remains so even after being
ticle volume fractions lower than about 10%. The NaCl con-Prought back at room temperature. This latter observation,
centration range between 0.1 and 0.2 M therefore represent’§1ich has also been made in previous studiel, confirms
useful, although narrow window where extensive supersatfloWever that specific sample manipulation protocols can
ration can be reached while working on a system where shofl2V€ Profound effects when dealing with metastable solu-

range attractive“salting-out”) forces become dominant.  tOnS. . L
Rectangular light scattering cells having an optical path of The excess intensity with respect to the solvent scattered

5 mm and a minimum working sample volume of about 400PY particles much smaller than the wavelength can be written

ul, were carefully cleaned by flushing with about 50 ml of &S

0.2 um filtered buffer in a closed-circuit filtering system.

The diluted samples where then fed into the cells through a | =A( n @
low protein-retention 0.2um filter. This careful cleaning dc
protocol was essential not only to avoid dust problems in the

scattering measurements, but also to severely reduce inhwtheren is the index of refraction of the mediurdp/dc the
mogeneous crystal nucleation, which was found much moreefractive index incrementT the absolute temperature,
effective in the presence of dust. Light scattering data wer@ll/dc the isothermal osmotic compressibility, aAdan in-
taken with the experimental setup described in detail elsestrumental constant that can be determined by calibration
where [13]. Incident, transmitted and scattered intensitieswith respect to a sample of known scattering power. Figure 1
were sampled and monitored by a multiplexing setup. Meashows the volume fraction dependence of the reduced os-
surements were made at a fixed scattering angle of 90°. Thaotic compressibility M/RT)(d11/dc), for lysozyme solu-
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FIG. 1. Reduced osmotic compressibility of hen egg-white FIG. 2. Same as Fig. 1 for samples containing 0.2 M NaCl. The
lysozyme in NaAcO buffer0.1 M NaCl at pH=4.7. The experi- experimental points refer to measurements taken at 35(@168ed
mental points refer to measurements taken at 36.8¢lBsed circles, 30.0 °C (open circley 24.5 °C(closed squargs17.2 °C
circles, 29.7 °C (open circleg 22.7 °C(closed squargs17.4°C  (open squargsand 12.2 °C(closed diamonds
(open squargs 12.7 °C(closed diamonds and 8.2 °C(open dia-
monds. The full lines are fits to the theoretical osmotic compress-second virial coefficient foFl were found in good agreement
ibility for AHS. The dashed line presents the Percus-Yevick com-wjith those obtained by light scattering. The values obtained
pressibility for hard spheres. for the 7 parameter in the two temperature runs are shown in

) . ) Fig. 3. Apparently, a linear proportionality betweemand T
tions at a NaCl concentration of 0.1 M at six temperature;pplies to both salt concentrations in tHenited) investi-

between 8.2 °C and 36.7 °C, which were derived from theyated temperature ranges. The parameiarthe Baxter po-
experimental scattering data using E8). The osmotic com-  tengjal plays the role of a generalized temperature. In order to
pressibility for AHS can be analytically evaluated in the fing a correspondence with real temperatures, a more de-
Percus-Yevick approximation 445] tailed model is needed. The simplest short range potential
an RT (1420 -\ D)2 that becomes the AHS potential in the limit of vanishing

- - . (4) range is made of a hard sphere part plus a temperature inde-
ic M (1-) pendent square we{BW),
where ©  0<r<o
AN=6(1-7+7/P)| 1— l—m . 0 r>o+o.

The full lines in Fig. 1 are the best fit of the E@) to the Identification of 7 in terms of the SW parameters can be
experimental results, usingas the only free fit parameter. made by equating the second virial coefficient, which can be
This good fit clearly shows that the theoretical expression foanalitically evaluated for the SW potential, obtainiridp]

the osmotic compressibility of AHS provides a very good
description of the data for all temperature conditions inves-
tigated. For comparison, the Percus-Yevick compressibility oal
for hard-spheres, which correspond to the « limit, is also ' 1
drawn in Fig. 1 to show that in the investigated temperature
range the particles are far less repulsive than hard spheres.
Notice that the measured volume fractions span a range 0.3+
about ten times larger than those usually investigated in sec-
ond virial coefficient studies, and that the results suggest an
agreement between the experimental compressibility and the 02l
theoretical curve4) to better thanO(®?). Figure 2 shows
similar results obtained for 0.2 M NaCl solutions. Here, at
low temperatures, the measured sample volume fraction had ol . .
to be limited to values where metastability could be kept 280 290 300 310
within the limits where experiments can be performed. No-
tice that in this case, for temperatures lower than about
20 °C, the second virial coefficient becomes negative. For gFiG.3. Temperature dependence of the Baxtearameter from
consistency, we also checked the data obtained at low Vothe fits to the two sets of measurement shown in Figs. 1 and 2.
ume fractions by directly measuring the osmotic pres$ilire Results for 0.1 M NaCl solutions are shown by closed circles, while
by means of a Knauer membrane osmometer. The obtainespen circles give the results for the 0.2 M run.
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o model, such as the Baxter “sticky” hard-sphere potential,
ni 1+ 7) ' (6) may account fairly well for the thermodynamic properties of
the system. This does not imply at all that more complicated
where To=Vo/kg and 7,'=4[(1+6/0)3—1]~126/c. features, related for instance to the structural properties of
Equation(6) implies that, for weak adhesivenesg ), =  protein crystals, can be inferred from such a simple model.
and T are expected to be proportionat~ r,T/T,), as is However, we believe that it represents a valuable starting
experimentally found. This would suggest that the main tempoint in order to predict the phase behavior and, by a more
perature dependence of the interparticle interaction is simplyhorough investigation of the strength and range of the inter-
through the Boltzmann factor, while other temperature efactions as a function of the crystallization control parameters
fects, such as changes in the hydration of the lysozyme parsalt nature and concentration, pH, and so, ém shed light

ticles, if present, play a lesser role. We notice that a similabn the physical meaning of the still obscure “salting-out”
temperature dependence of th@parameter, derived from a effect.
fit of the second virial coefficient to the AHS expression, has

To

T

been found by Rosenbaum and Zukdsé], and that similar We thank M. Muschol very much for valuable discus-
conclusions on the weak temperature dependence of the psions. This work has been primarily supported by the Ad-
tential has been suggested by Malfetsal. [17]. vanced Research Project “PROCRY" of the Italian National

As a conclusion, by analyzing the results obtained frominstitute for the Physics of Matt¢fNFM). V. Peyre has been
this measurement of the whole osmotic equation of state ofvorking on this project as a fellow of the European Commu-
lysozyme up to high volume fractions in the metastable fluidnity Human Capital and Mobility Network “Colloid Phys-
region, we can state that an extremely simple interactioncs.”
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