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Thermodynamic instability in supersaturated lysozyme solutions: Effect of salt and role
of concentration fluctuations
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Experimental and theoretical work has suggested that protein crystal nucleation can be affected by the
separation of two metastable liquid phases with different local concentrations, or more specifically by critical
density fluctuations. We measure the amplitude and correlation length of local concentration fluctuations by
light scattering for supersaturated solutions of hen egg-white lysoz@inpH 4.5 and at different NaCl
concentrations, up to 7% wvBY extrapolating the critical divergent behavior of concentration fluctuation
amplitude versus temperature, we determine the spinodal line, that is the limit of stability. Cloud-point mea-
surements are used to determine liquid-liquid coexistence, consistent with previous work. In the present work,
which is an extensive study of off-critical fluctuations in supersaturated protein solution, we observe a non-
classical scaling divergent behavior of the correlation length of concentration fluctuations, thus suggesting that
off-critical fluctuations may have a role in crystallization kinetics. To appropriately fit the spinodal data, an
entropic term must be added to the van der Waals or to the adhesive hard-sphere model. We interpret this
contribution as due to the salt-induced modulation of protein hydration.
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I. INTRODUCTION Metastability of liquid-liquid coexistence has been clari-
fied by work on colloidg§15—17. Such studies have pointed
Mechanisms that control protein association and nucleout that the range of attraction between colloids in solution
ation are important to many fields such as pathological promay be the basic parameter in the determination of the phase
tein deposition in neurodegenerative disedddsindustrial  diagram. Further theoretical studies have shown that by re-
separation processes by salt-induced precipitation, proteiucing the range of the attraction potential, the liquid-liquid
crystallization[2], or protein gelatior(relevant, e.g., in the Phase transition becomes more and more hindered by the
food industry. However, the interactions leading to protein Solid-liquid coexistence 1in¢18—21. Indeed, proteins typi-

aggregation or crystallization, and eventual precipitation, aré?ally crystallize under condition where electrostatic interac-
tions are screened by salt cosolutes.

not clearly understood. For instance, protein crystallization, S > L

which is a major bottleneck in determining protein three- Crystallization conditions for many proteins lie in a nar-

dimensional structure, is still achieved by semiempiricalr.ow.range of values_of the sec_ond virial coefﬁm_éatystal-

(time-consuming methods, often depending on the Crystal_I|zat|on slob [22]. An mterpretatlpn of the crystallization slot
based on théshort-rangg adhesive hard-spheres model, has

lographer’s .Sk'”S' o . ___pointed out that crystallization may be enhanced close to the
An experimental route to the study of protein interactions . jical point of a liquid-liquid phase transitidi19]. In gen-

includes the determination of phase diagrams and the studyg| |iquid-liquid metastable phase transitions affect the ki-
of phase transitions which drive a metastable protein solutiopetics of protein associatioi23] by altering crystal nucle-
towards the stable equilibrium state in which large aggregtion rates in the region of liquid-liquid stabilifp4—27 or
gates, crystals, or precipitates coexist with the solution. They preceding crystallization with nucleation or spinodal de-
ordering transition from the homogeneous solution to themixing [28—-31.
equilibrium coexistence of solid and liquid phases can in- However, many other questions remain open. For ex-
volve other metastable intermediate states. Indeed, phase di@nple, the effect of high ionic strengtrequired for crystal-
grams of some proteins exhibit a liquid-liquid coexistencelization) cannot be explained in the framework of classical
region, that is, a range of temperatures and concentrations DLVO theory[32,33. Also, simulations and theoretical stud-
which two liquid phases with different local concentrationsies have shown that critical concentration fluctuations near
can be formed. This was first observed by Ishimoto andhe critical point may reduce the free-energy barrier for crys-
Tanaka in lysozyme solutiorj8], and subsequently found in tal nucleatior{ 34 —36, but the role of off-critical fluctuations
other proteins and under different conditiof—14. In  is not clear. Liquid-liquid phase transitions have been sug-
some caseslysozyme, y-crystallin, liquid-liquid coexist- gested to have an analogous role in the aggregation or gela-
ence is metastable with respect to crystalliza{idr12]. tion of protein solution$13,14,31.
In the present work, we initiate a study of the liquid-liquid
instability curve and the behavior of fluctuations in super-
*Electronic addresses: mauro@iaif.pa.cnr.it, saturated lysozyme solutions at various NaCl concentrations.
mauro.manno@pa.ibf.cnr.it Knowledge of the complete phase diagram at different salt
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concentrations should provide a clue for understanding the A small aliquot (50—10Qul) of sample was diluted with
interactions involved. Further, concentration fluctuationsbuffer solution for UV absorption spectroscopy measure-
should grow close to the liquid-liquid instability cur¢spin-  ments(Jasco J-530 spectrometén order to determine the
odal curve, as well as to the critical poiri88,39. Thus, an  sample concentration. The extinction coefficient for
extensive characterization of their behavior near the |iqUid1ysozyme at 280 nm was taken ag=2.64 (cm mg/ml)*
liquid instability can shed light on the role of fluctuations in [40]. The protein volume fractio® was obtained by multi-

the overall crystallization process. o __plying mass concentration,, by the partial specific volume
We have performed static and dynamic light scattering¢ lysozymeu ,=0.703 (ml/g)[40].

experiments at several protein and salt concentrations. We
started from the same experimental conditions set in the
work of Mushol and Rosenberggtl], who show the most
complete phase diagram for three NaCl concentrations, by Static and dynamic light scattering experiments were per-
measuring both the liquid-liquittloud-pointg and the solid- formed at different protein and salt concentrations. Samples
liquid (solubility) coexistence curves. We found that both thewere placed in a thermostated cell compartment of a
amplitude and correlation length of concentration fluctua-Brookhaven Instruments BI200-SM goniometer. The tem-
tions diverge as the temperature is lowered from above thperature was controlled within 0.05°C by using a thermo-
cloud-point temperature. By extrapolating the scaling behavstated recirculating bath. Starting from well above the tem-
ior of this divergence we determined the spinodal temperaperature of liquid-liquid metastability, a downward
ture for each concentration. temperature scanning was performed at a fixed rate between
The correlation length of concentration fluctuations was3 and 5 °C/hour. The scanning rate was chosen as a good
found to exhibit a divergent scaling behavior even in a regiorcompromise between a sufficiently slow rate to allow ther-
not so close to the thermodynamic instability. This suggestsnal equilibration of the sample before each measure and a
that fluctuations could have a critical role in crystallization sufficiently fast one to avoid the occurrence of crystal nucle-
kinetics also at off-critical concentrations. Interestingly, weation.
find that this divergence is given by a nonclassical exponent The scattered light intensity, at 90°, and its time autocor-
r=0.63+£0.03, while compressibility diverges with a classi- relation function g,(t) were measured by using a
cal exponenty=1.0+0.01. This puzzling result is discussed Brookhaven BI-9000 correlator and a 100 mW Ar laser tuned
in the paper. atA,=514.5 nm. A photodiode positioned at 0° was used to
Finally, spinodal lines have been fit by representing pro-collect forward scattered light and to measure the sample
tein interactions by two similar models which take into ac-turbidity.
count steric repulsion, short-range attraction, and long-range Autocorrelation functions g,(t) were found to be
interactions. The essential role of an entropic contributionwell fitted by a single exponential functiom,(t)=1
due to hydration forces clearly emerges from our analysis+|A exp(—t/7)?>, where 7 is the correlation(or relaxation
and it suggests that salting-out operates via a modulation afme of a diffusional process, related to single Brownian mol-
such hydration effect(consistently with other results on ecules or to local concentration fluctuations. It can be shown

B. Experiments

lysozyme solution$10,17). (and it was, in fact, verified for the present case at higher
temperatures that for a diffusional processy '=Dg?,
Il. MATERIALS AND METHODS where D is the apparent diffusion coefficient amgis the

scattering vectofwhich depends upon the scattering angle

by the relationg=4mn\, 'sin(6/2), wheren is the medium
Lysozyme is a globular protein with an approximately el- refractive index41]]. The quality of the single exponential

lipsoidal shape, a molecular mass of 14 400 Da(tt20 resi-  fit and the stability of amplitudé were carefully checked in

dues and volumev ,= (7/6)45x 30X 30 A3. Hen egg-white  order to confidently rule out the measurements affected by

lysozyme(three times crystallized, dialyzed and lyophilyzed the occurrence of crystal nucleation or by the formation of

was purchased from Sigma Chemical Co. and used withouarger clusters.

further purification. All other chemicals were reagent grade. The behavior of the solution viscosity during the tempera-

The buffer solution was 0.1 M sodium acetate and acetic aciture scan was checked in one cage=0.10,5% w/v NaCl

in freshly prepared Millipore Supe&p water, atpH=4.5. by using a stress-controlled AR-1000 rheome®Xk instru-

The pH value was readjusted after dissolution of either 3% ments, UK equipped with a standard-size double concentric

4%, 5%, or 7%(w/v) NaCl. aluminum cylinder. As expected, no divergent behavior for
Lysozyme solutions were prepared by the following pro-viscosity was observed in our temperature range, and thus a

cedure[11]. Protein powder was directly dissolved in buffer constant value equal to the background viscosity of salt-

solution, gently tapped, and heated in warm watea. water solutions has been assumed.

45°C) to expedite protein dissolution and keep the sample

well above the temperature of liquid-liquid metastability. Ill. DETERMINATION OF PHASE DIAGRAMS

Sample was centrifuged at 8000 g for 10 min to remove

small amounts of undissolved material and air bubbles, and

then directly filtered into a quartz cell through a 0.2&n A typical temperature scanning experiment is shown in

Millipore syringe filter. Fig. 1. Both the scattered intensity and correlation time in-

A. Sample preparation

A. Liquid-liquid coexistence: Cloud points
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(i T 050 Within the framework of phase transition theory, the dif-
. ] @ ference between the concentrations of two coexisting phases
B E 200 o can be seen as(@onzerg order parametdd3]. Thus, near
%‘ 3150 ) the cr.itical pqint, the 'binodal line can be described by the
e} 3 5 following scaling relation:

; 4100 €
= E ‘%‘ ¢c_¢’_A(Tc_T)'B 1
0 b 450 8 b | T\ T ) &
18 21 24 27 30
Temperature (°C) where T, and ¢, are, respectively, the critical temperature
and volume fractionA is a constant, ang8 is a critical

FIG. 1. Typical temperature scanning experiment (NaCl 5%
yp P g exp ( 0exponent.

wlv, ¢=0.056). Squares: 90° scattered intensity. Circles: relaxation ; . . .
timeq;, as obt)aineqd from correlation function. golid line: turbidity In Fig. 2 V\_’e have reported the binodal lines as described
A=log,(l;/lo-), wherel; is incident intensity and - is forward by Eq. (1), with $=0.325, ¢.=0.177 andT =325, 22.5,
scattered intensity. 15.0, and 8.1°C, respectively, foiNaCl|=7%, 5%, 4%, 3%
w/v. This value of the critical exponer is consistent with
that obtained by renormalization-group calculations, while

crease by lowering the temperature, while the turbidity is . o .
essentially constant. At a certain temperature, the transmitted . o field theory would predigi=0.5[44]. A nonclassical

. . value for 8 has been found in analogous experiments on
intensity suddenly drops to a very low value and the sampl )
becomes turbid or “cloudy”(cloud poin). Dynamic and ?ysozyme or other proteif$,10,11. The values for botkp

static light scattering measurements are not possible beyo dT, are taken according to the results of F{Gﬂ]; yet, as.
this point due to multiple scattering. already noted by those authors, a clear-cut choice of critical
At each given concentration, the cloud-point temperatur volume fraction is difficult due to the broad, flat maxima of

marks the onset of the liquid-liquid phase separation. Indeeg)mOdal lines. Alsa, since our experimental data span a range

o . : : f concentration which is not so close to the critical point
mpl ity i to fast formation of domain fhth e . S o X '
sample opacity is due to fast formation of domains of hig eand due to the difficulty in determining the critical point, we

and lower protein local concentration, which leads to th : . o
coexistence of two liquid phases with different local concene—be“eve that the observed value i@ris not definitive, and

trations and equal pressure and chemical potenélb;) could be improved by further experiments.
=P(¢,), u(p1)=u(p,) [42]. These relations define, in the
temperature-concentration plane, the so-called binodal line. B. Limit of stability: Spinodal points
Our e>.<per|rr'1ental CIO.Ud points are reporte'd in Figic . The condition for equilibrium stability in solutions is sat-
gether with spinodal points, to be discussed in the fOHOW'ngisfied if [42]:
section. They are in full agreement with the results of

Mushol and Rosenberggtl] for NaCl concentrations of 3, e
5, and 7% w/v. The binodal points for the case of 4% wi/v -l =0 2
NacCl are reported here for the first time, to the best of our TP
knowledge, and they essentially extend and confirm the pre-
vious work. where u is the solute chemical potential amds the molar
35 25
G 30k 520
® o5 215
= =
o
S 20 ./, 1 S 10 3
o 3 E [*B 3 . .
g 15F 7% NaCl 3 g 5 5% NaCl 3 FIG. 2. Phase dlagrams at dif-
F ok /._ T T e 7 T T ferent NaCl concentrations(a)
003 006 009 012 0.15 003 006 009 012 015 7073 '(b? SZ’ ,(C) 4%, and(d) 3%
volume fraction volume fraction WIV. C.ou -p0|.nt (open sqgarés
00 10 and spinodal(circles experimen-

tal data. Solid and dashed lines re-
produce, respectively, binodal and
spinodal curves as in E¢L), with
B=0.325.

o
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FIG. 3. Divergences of scat-
tered intensity at different protein
and salt concentrations. Solid
lines are linear fits to data(a)
NaCl 7% wl/v; protein volume
fractions (from up to down: ¢
=0.039, 0.040, 0.051, 0.065,
33 3.4 0.076, 0.079, 0.091, 0.097, 0.118,
0.096, 0.097, and 0.119b) NacCl
5% wilv; ¢=0.032, 0.056, 0.075,
0.087, 0.109, 0.110, 0.119, and
0.138. (c) NaCl 4% wlv; ¢
=0.027, 0.038, 0.036, 0.036,
0.048, 0.049, 0.050, 0.079, 0.064,
0.085, 0.097, 0.108, 0.109, 0.113,
and 0.127.(d) NaCl 3% w/v. ¢
=0.042, 0.049, 0.085, 0.99,
0.126, and 0.115.

! (arb. units)

! (arb. units)

4% NaCl

It (arb. units)
N
i1 (arb. units)

fraction. The boundary of thermodynamic stability, or spin-notwithstanding, the method has been successfully applied to
odal line, is defined by the equality in E@) or equivalently,  various liquid systems, from binary mixtufd5,4§ to pro-
tein [3,13,14 and other biopolymeric solutiorjg9].
V(i) —k-l=0 3) Isothermal compressibility can be easily determined by
N/ T ' light scattering experimentg4l]. It is proportional to the
structure functior5(q) at zero scattering vectay=0:
where k1 is the isothermal compressibility relative to os-

motic pressuré®. Kt 1
. . . . _ 0_
Starting from the region of thermodynamic stability, the F_S(O)' kT_pk T (5
spinodal line is not experimentally accessible since it is hid- T B

den below the coexistence line, except at the critical point, K is the ideal ibility. is th

where the system undergoes a second-order phase transitidf€r€ Kt is the ideal gas compressibility, is the number

By approaching the critical point, several thermodynamicconcentration, ands is the Boltzmann constant. On the

quantities exhibit a power law divergentg]: in particular other hand, the structure function is determined from the

the isothermal compressibility diverges with a critical expo-following scattered intensity(q) for objects whose size is

nent y. It is evident from Eq.(3) that compressibility di- Much smaller than the wavelength of incident light:

verges at each point on the spinodal line, yet from the theory (g = I H 6

of phase transitions it is difficult to predict whether the same (@)=S(a)loH, ©)

Scﬁllﬂgsbsggxlg: O%%pslf; tﬁgtt?heecsrg;ﬁ gpg g;:évi or shown by herel  is a constant related to experimental conditions and
(T —292p—1 ;

thermodynamic quantity along the critical isochore can b —[an(qmdc))\() ,] Na“cM ,W'th, mol~ar.mellss|v|, mass

extended to any isochore with respect to the spinodal temEOncentratiore, medium refractive index, incident wave-

peratureT,,(¢) (pseudospinodal hypothesif3g]. For ex-  1€NgthAo, and Avogadro's numbeN, .

ample, for the isothermal compressibility The relat_ion between the divergence of scattered intensity
and the spinodal temperature results from Ed$—(6). In
T—Tsp()| 7 particular, when the critical exponent has a mean-field value
kr=ko T—Wﬁ) , 4 (y=1), one obtains the following expression, which allows
sp

for a straightforward extrapolation of inverse intensity:
wherek, is a constant amplitude ang s the critical expo-
nent[39]. This equation provides an experimental method to const. 1 1 )
obtain the spinodal temperature by extrapolating the diver- 1(0) Tsp(d) T°
gent behavior of a thermodynamic quantity measured in the
region of stability. It has been pointed out that the existence In our experiments we actually foungd=1. In Fig. 3 data
of a pseudospinodal line characterized by non-mean-field exare plotted as in Eq(7), and the spinodal temperature is
ponents would imply a singularity in the equation of state incalculated by linear fitting. The obtained spinodal points are
the near-critical regiori45-47. Thus, the concept of the plotted in Fig. 2.
pseudospinodal deserves more study, also in order to clarify Extrapolation of the scattered intensity to zero angle could
if it actually coincides with the limit of stability39]. This  be tricky in many cases, especially near the critical point.
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However, in a wide range of temperature above the critical
point, the classic Ornstein-Zernik@Z) expression holds
[43]:

()
(149

Here¢ is the correlation length of concentration fluctuations
and 7 is the critical exponent introduced by Fisher to take
into account deviations from mean-field OZ theory=0)

[50]. In our experiments we have measured both the 90°
scattered intensitgwith q=0.023 nm 1) and the correlation
length which is calculated from the correlation functi@s

will be made clear in the following sectipnSince experi-
ments were never brought too close to the spinodal tempera-
ture, the values of correlation length never exceeded a few
tens of nanometer, so that in most caggs<l. Thus, the FIG. 4. Scaling of correlation lengths) at different salt and
correction due to the OZ factor introduces only a slight cor-protein concentrationsy=0.63). NaCl concentratioffrom up to
rection in the extrapolation procedure. The difference in thelown): 7%, 5%, 4%, and 3% w/v. Factdr= 23, wherec; is salt
spinodal temperatures, obtained either by using the OZ factgioncentration in % w/v, has been used to visually separate each salt
or by ignoring it, was taken as an error estimate and is reconcentration. Protein concentrations are the same as reported in
ported as such in Fig. @vhen larger than point size Fig. 3.

S(a) 8

@/go)—llv f

0.01

IV. DIVERGENCE OF CONCENTRATION FLUCTUATIONS towards higher concentrations, and the values of spinodal
temperatures are in acceptable agreement with those found

The observed increase and divergence of compressibilitysy the compressibility extrapolatiaffrig. 3); the differences
on approaching the spinodal line, is accompanied by an inpetween the two calculated spinodal sets are taken as a more
crease in the correlation timg measured by dynamic light appropriate error estimate, and reported as such for subse-
scattering(Fig. 1). This correlation time, as already recalled quent analyseSec. \).
in Sec. II, is related to diffusional relaxation of concentration By using fitting parameters, data have been rescaled into
fluctuation through an effective diffusion coefficie®  the master curve shown in Fig. 4. The striking scaling of
= ”mqﬂo(fqz)fl [41]. The relation between the correlation correlation lengths seems to be a robust signature of the criti-

length of concentration fluctuationss and diffusion coeffi- ~ ¢al dynamic behavior of these protein solutions on approach-
cientD is given by simple hydrodynamic predictions as well INg the limit of stability.

as by a zeroth order mode-mode coupling apprda&s1, A question grises frpm a compar[son with re§ults shown
and it is formally equivalent to the classic Stokes-Einsteinln the preceding sectiorfon static light scattering data
law for a Brownian solute of radiug: where the critical exponeny has a mean-field valuey(
=1). This can actually be expected, since the temperature
kgT range in our experiments stays well above the spinodal line,
= 677—7;05’ 9 and far from the critical point. Nevertheless, the other critical
exponent » has a value which is consistent with
where 7, is the bulk viscosity. renormalization-group calculatiorv & 0.63) while in mean-

From the pseudospinodal hypothesis, it follows that thefield approximation it would ber=0.5 [44]. Values of the
correlation length should diverge critically with a critical ex- exponentsy and » would be fully consistent by assuming a
ponenty while approaching the spinodal temperature; value for exponentp, which appears in Eq(8), of about

0.41, in order to satisfy Fisher equality=v(2— 7) [50].
T=Tsp(d)| " The value of7 is very difficult to measure if correlation
Tsp( ) length ¢ is not sufficiently large, that is, if the experiments
are not driven very close to spinodal temperature or to the

Diffusion coefficients obtained from dynamic light scat- critical point. However, the typical experimental values re-
tering experiments have been fit by using E@.and (10)  ported in literature forp are, at least, an order of magnitude
for each salt and protein concentration. In the first &n  lower than 0.41.

Tsp, and v were left as free parameters. Best-fit values for We tried to deal with this question by considering a less
the critical exponentr were all spread within the range severe approximation in the context of mode-mode coupling
0.60-0.66, with a strong preference of value 0.&8in Ref.  approach, by including a background and a critical term in
[4]). Therefore, the fitting procedure was repeated by keepthe correlation length expressi¢f1,52. We report in the
ing v constant and equal to the found average value Appendix such results.

=0.63. The values of parametég are of the order of mo- An attempt to rationalize this non-mean-field behavior
lecular size¢y=1.0=0.2 nm, with a slight increasing trend can be issued by the following qualitative argument that

&=¢&o (10
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30 30
[ FIG. 5. Fitting of spinodal
points. Experimental data: NacCl
7% wiv (circles, 5% wlv
(squares 4% wi/v (triangles, and
3% w/v (diamond$. Solid lines
are spinodal predictions obtained
as described in the text for two
reference models:(a) van der
Waals [Egs. (12) and (13)], and
(b) Adhesive Hard-Spherel€Eqgs.
(14), (17), (18), and(21)]. Dashed
lines are spinodal curves with a
Y\ AT e zero perturbative entropy.

0.03 0.06 0.09 0.12 0.15 0.18 0.03 0.06 0.09 0.12 0.15 0.18
volume fraction volume fraction

N
(=]
N
o

-
o
-
(=)
T ™ T

o

Temperature (°C)
Temperature (°C)

o

L
o

would need a more solid theoretical foundation. Mean-fieldcluded volume effects and effects of attractive intermolecular
behavior of a diverging thermodynamic quantity is related toforces; it can be used to represent solute-solute “mean-
the difference between the experimental temperaluesmd  force” interactions in solution after averaging over the sol-
the critical temperatur@,,. The crossover from mean-field vent degrees of freedom. The van der Waals model yields the
to fluctuation dominated behavior in the context of following expressions for pressuReand theq=0 structure
Ginzburg-Landau theory of phase transition is stated by théunction S(0) of a system of particles of volume, [39]:
Ginzburg criterion which indicates at what reduced tempera-
turetg=|T—T|/T. the breakdown of the Gaussiamean-

field) approximation occurf44]. Moreover, the crossover is vsBP= 1-be ~Bad?, 1D
not necessarily the same for all thermodynamic quantities.

The crossover temperature is roughly given hy 1

~(ug/N\)® [53], whereu, is the first nonGaussian term in S(0) " l=———2pBag, (12)

Landau-Ginzburg free energy in units [gT] and\ is the (1-b¢)?

ratio between the range of interaction and the molecular size.h —(koTV-L Th i tanta and b
The termu, is typically of order unity, thus crossover is WHer€A=(KgT) *. The positive constanta andb are re-

; ; ; . dJdated to the critical volume fraction and temperatug,
mainly due to the relative range of molecular interactions
y g —(3b)~1, andT,=(8/9)¢a/ks.

tg~\ 8. Thus, we could argue that the correlation function £ or{12 Hici | f
of critical fluctuations and the related correlation length are xpression(12) was not sufficient to correctly account for

mainly sensitive to solution structure as determined by short'Ehe shape of our experimental spinodals, thus we tried to

range interactionf\ ~O(1)]. Thus, our experimental tem- generalize the model. Here, we have modified the van der
peratures would be fully within the Ginzburg region, and WeWaaIs equation in an analogy to what has been prqposed for
would correctly observe a non-mean-field value forOn polymer solutions{54]. Indeed, constana (whose dimen-

the other hand, compressibility is probably sensitive to more'ONS are energy per particle per unit volume fragtipre-

long-range(bulk) properties of solution, since it is related to sents a mean-field interaction and thus it is, essennall_y, re-
the structure function in the hydrodynamic limé=0. lated to a free energy more than to an actual energy, since it

Therefore, it could be acceptable to observe a mean—ﬁeIHnplles an average over many de_g_rees O.f freedom. Hence,
scaling behavior even very close to critical temperature. parameter can be re_zasonably mod|f|_ed by including both an
energetic(or enthalpi¢ and an entropic terrfb5],

V. MODELING MOLECULAR INTERACTIONS a=h-Ts. (13

Knowledge of the spinodal line offers a great advantage inrhe critical volume fraction is not changed by this generali-
determining protein-protein interactions in solutions. Indeedzation, while the critical temperature becomes,
an analytic expression for the spinodal line can be derived=g(8/9)¢.(h/kg), whereg=[1+ (8/9)¢.s/kg] .
from the equation of state or from the density correlation Spinodal lines can be calculated by equating to zero
function, or from any thermodynamic quantity which allows S(0) ! in Eq. (12). In Fig. 5a) such curves fit our experi-
calculating an expression for the isothermal compressibilitynental data. As in Fig. 2, the same critical volume fraction
kt [Egs.(3)—(5)]. has been used).=0.177 andT.=32.5, 22.5, 15.0, and

A simple equation of state, that actually owes an endurin@.1 °C respectively fofNaCl|=7%, 5%, 4%, and 3% w/v.
success to its capability of describing liquid-vapor equilibria, The other parameters are listed in Table I.
is the classical van der Waals equation. This is a mean-field This generalized van der Waals model seems able to cap-
equation which takes into account, approximately, both exture some main features that explain the liquid-liquid phase
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TABLE |. Fitting parameters for spinodal lines in Fig. 5: van der Waathv) [Egs.(12) and(13)] and
Adhesive Hard-SphereAHS) [Egs.(14), (17), (18), and(21)] model.

vdw AHS (\=1.05)
Cs b h? sP 0° u?d h? sP 0c°
7% 1.88 7515 0.24+0.05 44 0.20 741 0.23+0.03 39

5% 1.88 85-30 0.270.10 32 0.20 961 0.29+-0.04 27
4% 1.88 9540 0.32:0.10 23 0.20 961 0.32-0.04 19
3% 1.88 6020 0.22-0.08 19 0.02 6&1 0.20£0.04 16

g Kcal/mol/K].
B[ Kcal/mol].
°°C] At © temperature8,=0.

transition in our protein solutions, though it is not able tolong-range forcegvan der Waals attraction, electrostatic re-
represent the liquid-solid coexistence, which is the actuapulsion, etc. also contribute in determining the phase dia-
equilibrium state in these systems. Indeed, in the van degram[61-63.
Waals model, repulsive interactions are treated in a very sim- Here we consider the case of a square-well potential for a
plified way. spherical particle with a hard core of diameteand a range

An alternative approach, based on standard perturbatioof interaction\ o given as
theories, can be used to describe equations of state and phase
equilibria in simple liquidg56]. In this approach, weak or s r<o
long-range interactions are treated perturbatively with re- ven(r)={ —U, o<r<io (16)
spect to a reference potential which typically includes ex-
cluded volume effects and short-range attraction, and is con-
sidered explicitly in all calculations. Equations for pressRre

0, No<r.

In the limit of an infinitely narrow and deep weglhdhesive

and structure function at zexpvector S(0) read Hard SpheresBaxter derived, in the Percus-Yevick approxi-
mation, an explicit expression for compressibilig4]:
vsBP=0¢BP,— Bad, 14
SB sﬁ 0 B ¢ ( ) . (1+2¢_M)2
Sp(0) =, (17)
S(0) t=5y(0) " *~2pa4, (19 (1-¢)
where
where, subscript 0 denotes the reference quantitigs,
= o%7/6 is the solute volumep is the volume fraction, and _ b—\b*—12¢— 64" b=Br(1— &)+66 (18
B=(kgT) 1. If one deals with a long-range potentia(r) K= d(1— o) » b=67(1-¢)+64 (18

representing the interaction between two particles at distance
|r] then, in the Random Phase Approximation, paramater and
(corresponding to the van der Waals attraction jerepre- N—1
sents the perturbation energy density per unit volume frac- 1= lim 12—=efu. (19
tion and is given bya=(2v¢) ~Lfw(r)dr [56]. A—1

As to the reference potential, the easier choice is to model e
the system as hard spheres, neglecting other types of attraChe so-called stickiness parameteindicates deviation of
tion [6]. For such a system, explicit expressions for boththe second virial coefficier®, from that of hard spheres:
pressure and compressibility have been derived, via the

Percus-Yevick approximatiofb6] or the Carnahan-Starling B, 1
formula [57]. However, both these approximations yield a B_Hszl_ P (20
critical volume fraction which is around 0.13 and thus they 2

oddly reproduce previous and present results on lysozyme

/ The same expression for compressibility holds for a
solutions[3,7,10,11. P p y

square-well potential to zero order in £ 1) [65], with

In _the last decade, the existence of a |I.QUI(-.1—|IQUId. phasqhe following mapping of stickiness into square-well param-
transition, metastable with respect to solid-liquid coexistence, . .

in protein or colloidal solutions, has been explained by mod-

eling solute interactions through a short-range attractive po- T =4(\3-1)(ef'-1). (21
tential[15,16,18,19,2]L There is also a growing experimen-

tal evidence that short-range interactions are important in We used adhesive hard spheres as a reference system and
determining some properties of such solutions, especially &qgs. (14), (17), (18), and (21) to fit our spinodal data, as

low concentrations and high ionic strend88-60, even if  shown in Fig. b). The value of\ has been fixed to 1.05
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LI B I R B B B directional interactiongsticky patcheg67], or aeolotropic

4r T interactions[68—70). Our results clearly suggest the need

o (= ] for further modeling efforts to rationalize the width of the

) instability region, that is, in our approach, to account for an

Z ol ¥ _ “entropic” term of type TS¢? in the free energy per particle
N ¥

QN I = ] of the system. For example, Warren has recently proposed an

a ot = . interesting model which supplies an additive “entropic” term

- L : to compressibility by taking into account the mixing free
-4 I . . . . . . O energy of ions and counterions in salted solutions of charged

proteins[71]; yet, at our salt concentrations this contribution
is too weak to account for the correct width of spinodal line.
In particular, a main ingredient, probably missing in current

FIG. 6. Second virial coefficients vs salt concentration. Squaregheories, is the explicit role of solvent, which we have im-
and diamonds are calculated from parameters of spinodal lines iplicitly considered in mean-field approximation. Hydropho-
Fig. 5@ and Fig. b), respectively. Circles are experimental data bicity and hydration are complex, nonadditive effects in bio-
taken from Ref[19]. logical molecules and it is a subtle matter to average them
out[72].

0 1 2 3 4 5 6 7 8
NaCl concentration (% w/v)

(which is reasonable for lysozyme in such conditjorihe
value of potentiali is critical to determine the position of the
critical volume fraction, and it has been fixed in order to
obtain ¢.=0.177. Fitting parameters are listed in Table I. In the present work, we have measured, by static and

As evident from Table I, both the van der Waals and thedynamic light scattering experiments, the amplitude of con-
Adhesive Hard-Sphere models give comparable fitting to exeentration fluctuations and their correlation length, in solu-
perimental data, with comparable parameter of the perturbaion of lysozyme atpH 4.5 and at different ionic strength
tive (long rangep attractive part. What is relevant in both (NaCl concentrations of 3%, 4%, 5%, and 7% Ww/\nder
cases is the presence of the entropic texmn Fig. 5 a  such conditions, and for a wide range of temperatures and
typical curve withs=0 has been reported for reference. It concentrations, the equilibrium state is the coexistence be-
seems that this entropic contribution is essential to reproducsveen solid and liquid phasd®]. In supersaturated solu-
the correct width of experimental spinodal lines. Interest-tions, in which the crystal nucleation has not yet started, the
ingly, both models yield comparable values of second virialsolution is known to have a liquid-liquid phase transition that
coefficients, as shown in Fig. 6 for a reference temperaturaffects the initial kinetics of crystal growth, and determines
(25°C), and in Table I, where th® temperature has been solution propertie$3,7,10-12.
reported, which is the temperature at which the solution has We found that both the amplitude and correlation length
an ideal behavior,=0). In Fig. 6 experimental points for of fluctuations show a clear divergent behavior by approach-
the direct measurement of the second virial coefficient aréng a given critical temperature. By extrapolating the critical
also reproduced from Reff19]. The comparison is notewor- divergent behavior we have determined the limit of stability,
thy if one considers that ouB, data are derived through a that is, the spinodal line. This procedure is grounded on the
quite indirect route. In fact, our calculat®} are all above (pseudospinodalhypothesis that thermodynamic quantities
experimental values, yet salt concentration dependence @xhibit, with respect to spinodal points, the same scaling
well reproduced. We take this rough agreement as a furthegritical behavior that they show with respect to the critical
indication that our model is able to capture some basic feapoint [38]. This hypothesis has been given here strong ex-
tures of the interactions involved. perimental support for the case of protein solution.

From inspection of Table I, it also results that the effect of Cloud-point measurements were also used to determine
salt is in a subtle balance between the enthalpic and the efiquid-liquid coexistence phase boundary, consistent with
tropic term. These terms have a non-monotonic dependengeevious work{11].
upon salt concentrations. This interesting behavior is not un- A mean-field exponeny=1 has been found for the di-
expected, since it matches analogous results on lysozymeergence of the amplitude of concentration fluctuations, re-
solutions[10,12. As to a recent simulation work, such non- lated tok;. The correlation length of concentration fluctua-
monotonic behavior could be ascribed to the nonuniform distions has been measured over a large range of concentrations
tribution of charges on protein surface, and the correspondsff the critical point. It has been shown that correlation
ing nonuniform distribution of counteriorj$6]. A more de- length exhibits the same scaling behavior towards spinodal
tailed physical explanation of this behavior can hardly betemperatures with a nonclassical exponent0.63+0.03.
extracted from our data which actually claims for a more The interesting discrepancy between a classical compress-
extensive study of this effect. ibility exponenty and a nonclassical correlation length ex-

The model of hard spheres with short-range attractionponentr has been discussed. At first, a classical exponent
which sounds appropriate for colloids in solutions, couldwould be expected, since experiments cannot be performed
probably be improved for globular proteins, since they haveoo close to the spinodal temperatures due to the metastable
a complex shape and a highly structured surface. Othdiquid-liquid demixing and the eventual crystal nucleation.
model interactions have been proposed to incorporate highlyhus, we considered higher order hydrodynamic corrections

VI. CONCLUSIONS
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(obtained in mode-mode coupling thepgo as to include a Moreover, it would not help in lowering the value of the
background and a critical term in the correlation length ex-exponent towards the mean-field value. A correction that
pression 51,57 (see Appendix Within experimental errors, could be, in principle, more relevant is predicted by mode-
neither approach can be ruled out even if the scaling withmode coupling theory by considering that the diffusion coef-
v=0.63 has a much higher quality. ficient, as well as other slowly varying transport coefficients
It has been shown that fluctuations close to the criticale.qg., viscosity, result from the sum of a critical and a back-
point may be relevant in enhancing crystal nucleafidd]  ground contributiorD =D + Dy [48,51,73. In the OZ ap-
due to their growing amplitude. Our experiments show thafproximation the background and the critical contributions to
off-critical fluctuations also exhibit divergent scaling behav-the diffusion coefficient are respectivel\s2,76:
ior, and thus they may have a role in the crystallization pro-
cess that is yet to be worked out.

We have interpreted our experimental results by modeling _ keT 1+ £9° _ keT (14 £0°)?
protein interactions in solution. Two models have been used: PT6mmeé  Eq. ¢ 6mpé Ko(£q)? L'
a generalized van der Waals model, and the Adhesive Hard- (A1)

Spheres model with perturbative long-range attraction. The
different roles of steric repulsion, short- and long-range at

. | BT € whereq '=¢.=[6m 700/ (kgT) ok €0, @ andz, are,
tractions has been extensw_ely StUd'?d in literafir. What . respectively, the background concentration conductivity and
emerges from our results is the existence of a perturbativ

entropic term that must be taken into account to appropri-Fn e background viscosityg, and ko, respectively, are the

ately reproduce the width of the region of thermodynamicamp“tUde of diverging correlation length and compressibility

— -2 2 3
instability. We think that this contribution could be due to the[Eq§'1 (4) and .(103]]’ and Kl‘i(?_o.j& [1+x ;(X
role of hydration water. —Xx~H)arctank)] is the Kawasaki functiofi51]. In addition,

. . L viscosity » diverges with the lawyp= 7y(uq.£)? with u
Our analysis explains the effect of salt in raising the tem ~0.675 andz~0.054[52].

perature of the thermodynamic instability and in causing pro- < L
tein salting-out as due to a subtle balance between enthalpic For £9<1 Eqs.(Al) can be simplified to the forrfi75]
and entropic contributions to the free energy of protein-

solvent mixing, consistent with the quasiphenomenological KaT 3
picture of salt competing with water for the hydration of =_> [ + —c}. (A2)
protein. 6mnoé 3

As a concluding remark, we note that our results enhance
our understanding of phase diagrams of protein solutions an@ata were fitted by using the latter equation and &d),
of the role of fluctuations and salts, but they also promptwith the critical exponent fixed at the mean-field value
several intriguing questions to be addressed, both experimer=0.5 and the spinodal temperatures taken from best fits of
tally and theoretically. Fig. 3. We foundéy,=1.5+0.3 nm andé.=200+=100 nm.
The value ofé,. is two orders of magnitude higher than mo-
lecular size, and it is a quite large value in comparison with
what found in binary mixture§48,75 but comparable with
The first part of this work was initiated at the Departmentthe value found in protein solution8]. In order to allow for
of Physics of the University of Palermo, and inspired bya comparison with master curves of Fig. 4, we have plotted
Professor M. U. Palma, who is here acknowledged. We thanKata (for one salt concentratiorso as to clearly show the
Professor F. Sciortino for useful discussions, Dr. D. Giaco-scaling behavior by using the effective correlation length
mazza for support in the rheological measurements, and Pro-
fessor J. Newman for critical reading of the manuscript. One T T T T T T
of the authorgC.X.) acknowledges partial financial support 2 04
from the lItalian Institute for Condensed Matter Physics [
(INEM).
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APPENDIX: MODE-COUPLING APPROACH TO
CONCENTRATION FLUCTUATIONS 0.01

Here, we try to address the discrepancy between the
mean-field value of exponentand the nonclassical value of n g
exponentr by relaxing the hypothesis taken by applying Eq. 0.01 T
(9). A correction to hydrodynamics predictions was intro- ' T/To -4
duced by Botch and Fixma5,74 by modifying the diffu- sp
sion coefficient in Eq(9) with terms of higher order iny?; FIG. 7. Scaling of correlation lengthg¥) at NaCl 7% wiv, by
the first-order correction leads to a OZ-like factpt  taking into account both a critical and a background term (
+(£9)?]. As already noted in the preceding section, this=0.5). Protein concentrations are the same as in Fig. 3¢for
correction is irrelevant in our experiments sirggis small.  >0.080.
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* _ -0.5 The scaling behavior observed in this approach has a
§_°= @ 670D o T TS"‘ _1} (A3) poorer quality with respect to that observed by assuming a
g &l keT Tsp ‘ non-mean-field value of the critical exponentThus, stick-

ing to the experimental facts, we can conclude that our re-

sults clearly show the existence of a dynamic scaling behav-
For other salt concentrations considered in this work we obior in off-critical protein solutions, but a complete theoretical
tained scalings of quality comparable to that of Fig. 7. description of this phenomenon is still missing.
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