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Abstract

Experimental determination of stability conditions or instability boundaries in
protein solution is a powerful tool for testing interaction models and for use in
seeking an understanding of the mechanisms leading to protein aggregation. In
a recent work on lysozyme solutions at different NaCl concentrations, we have
determined the instability boundaries (spinodal line) of a liquid-liquid phase
separation, metastable with respect to crystallization. Here, we review previous
results, pointing out the scaling critical behaviour of isothermal compressibility
with respect to spinodal temperatures, and discuss interaction models and the
addition of an entropic term. The measured slowing down of concentration
fluctuation dynamics is clearly related to the divergence of the fluctuation
correlation length on approaching each point of the spinodal line. This observed
off-critical slowing down calls for a crucial role for enhanced fluctuations in
the crystallization process.

1. Introduction

Interactions among proteins in solution are a central issue in understanding the mechanisms
involved in biologically and technologically relevant aggregation processes, such as protein
coagulation and crystallization [1]. An existing powerful tool for studying protein interactions
consists in determining the thermodynamic conditions in which a homogeneous protein
solution is in stable equilibrium. The phase boundaries depend on molecular interactions;
thus an experimental determination of the phase diagram can be used to test any theoretical
model [2, 3].

An important example of such an approach has been given by the work on colloids [4-7].
These studies have revealed the crucial role of short range interactions in determining solid—
liquid and liquid-liquid coexistence. Such studies have pointed out that the range of attraction
between colloids in solution may be the basic parameter in the determination of the phase
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diagram. Experimental and theoretical studies have shown that on reducing the range of the
attraction potential the liquid-liquid phase transition becomes metastable with respect to the
solid-liquid coexistence [8—11].

The model of short range interactions has also been used to explain some experimental
results concerning protein crystallization, such as the so-called crystallization slot [12]—the
feature that many proteins crystallize when their second virial coefficient lies in a narrow
range of (slightly negative) values [9]. This has given a deeper understanding of the classical
(semiempirical) recipes, where proteins are crystallized by adding salts in order to screen
electrostatic interactions [1].

Since the first work by Ishimoto and Tanaka [13] on lysozyme solutions, the existence
of a liquid-liquid coexistence in protein solutions, sometimes metastable with respect to
crystallization, has been found in several cases [14-25].

In addition, knowledge of phase diagram is not only a powerful tool for use in interaction
modelling, but also an important step towards understanding the overall process of protein
aggregation. In fact, liquid-liquid metastable phase transitions affect the kinetics of protein
association [26], by altering crystal nucleation rates in the region of liquid-liquid stability [27—
30] or by preceding crystallization with nucleation or spinodal demixing [31-34].

In a previous work [25], we studied the thermodynamic stability of lysozyme solutions
at various NaCl concentrations, in conditions where liquid-liquid phase separation is
metastable with respect to solid-liquid phase separation. By means of static and dynamic
light scattering experiments we determined the spinodal line, which is the boundary of
thermodynamic instability. These data have been explained by a model in which short range
interactions are accompanied by a perturbative term, that could involve long range interactions,
hydration forces or hydrophobic effects, according to other experimental results on lysozyme
solutions [20, 22]. Also, we have studied experimentally the behaviour of concentration
fluctuations on approaching instability.

In this paper, we review previous results and give a discussion of other possible
interaction models. Also, we clearly show that both the amplitude and the correlation
length of concentration fluctuations exhibit a critical divergent behaviour at off-critical protein
concentrations—that is, not only with respect to a second-order phase transition (critical point),
but also with respect to any limit of stability (spinodal point) [2, 35]. In the present work, we
clarify how to deal with the relaxation rate of fluctuations even in a region not so close to the
thermodynamic instability, by working through previous hints from [25]. The observation of
an off-critical slowing down of fluctuation in such conditions is the starting point for addressing
the role of fluctuations in the crystallization process. In fact, simulations and theoretical studies
have shown that critical concentration fluctuations near the critical point may reduce the free
energy barrier for crystal nucleation [36-38]. We show that in lysozyme solutions off-critical
fluctuations also have a ‘critical’ behaviour. This suggests that they could have a critical role in
crystallization kinetics at off-critical concentrations, and prompts further experimental work.

2. Experimental methods

Hen egg-white lysozyme (from Sigma Chemical Co) and NaCl at the desired volume fractions
were dissolved in buffer (0.1 M sodium acetate/acetic acid in Millipore SuperQ water, pH 4.5),
centrifuged (8000 g, 10 min) and filtered (0.22 pum filter) into experimental cells. The final
concentration was determined by absorption spectroscopy at 280 nm [39].

Static and dynamic light scattering experiments were performed with a Brookhaven BI-
9000 correlator and a 100 mW Ar laser tuned at Ao = 514.5 nm. Static scattering experiments
can be used to determine the isothermal compressibility k7 which is proportional to the zero-
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angle scattering intensity /(0): kr = 1(0)/(kgT Iy H) where kg is the Boltzmann constant,
is a constant related to experimental conditions and H is a constant related to sample properties
(medium refractive index 7 and mass concentration) [40]. Our experiments were mainly done
at an angle 6 = 90°, that is at a scattering vector ¢ = 4nﬁkal sin(d/2) = 0.023 nm~'. The
intensity scattered at non-zero scattering vector gives a good measures of 7 (0), provided that
q& < 1, where £ is the size or correlation length of scattering objects or fluctuations.

In the same experiment, the intensity autocorrelation function g,(¢) was measured. It
was well fitted by a single-exponential function: g>(t) = 1 + |A exp(—TI't)|?, where T is the
correlation (or relaxation) rate, related to the diffusion of single Brownian molecules or local
concentration fluctuations.

In a typical experiment, the temperature was scanned downwards at a constant rate
(between 3 and 5°C h™'), and controlled within 0.05°C. The initial temperature differed
depending on the salt and protein concentration; it was chosen to be well above the temperature
of thermodynamic instability (or even metastability). During the scanning, simultaneous static
and dynamic light scattering measurements were performed. At a given temperature the
sample reaches the onset of liquid-liquid phase separation. Due to the formation of regions of
different local concentration the sample becomes turbid (cloud point), and further scattering
measurements are not possible. This is also a method for measuring the onset of a metastable
region (binodal line); see [25] for further details. The results discussed in this paper are related
to a homogeneous solution which is stable with respect to liquid-liquid separation. We note
that our samples are not stable with respect to crystal formation; indeed, experiments last for
a time which is smaller than the nucleation time.

3. Limit of stability: spinodal line

In each downward temperature scanning the scattered intensity, and hence the isothermal
compressibility, was found to increase and to exhibit a power law diverging behaviour with
respect to a given temperature Ts(¢). The experimental data can be scaled as in figure 1 by
introducing a reduced temperature € = 7/ 75 — 1:

KT =K067V (1)

where k is a constant amplitude parameter and the exponentis y = 1.

The latter property provides an experimental method for extrapolating the divergence of the
compressibility and for identifying for each volume fraction the spinodal temperature, which
is the limit of stability for a homogeneous solution. Indeed, the boundary of thermodynamic
stability (spinodal line) is defined by the zero value of one of the free energy second derivatives;
thus, one of these conditions can be expressed in terms of the divergence of the isothermal
compressibility [41]: k. ' — 0. However, as recalled in section 2, the spinodal temperature
is experimentally inaccessible since it is hidden below the coexistence temperature (cloud
point). Therefore, it is remarkable that we were able to identify a regular divergent behaviour
of compressibility, and determine the spinodal temperature 7 by extrapolation.

This power law behaviour is reminiscent of what is expected along the critical isochore—
that is, when approaching a second-order phase transition [42]. The scaling behaviour of a
thermodynamic quantity with respect to the critical point can be extended to an analogous
scaling along any isochore with respect to the spinodal temperature, according to the so-called
‘pseudospinodal hypothesis’ [35]. Although the concept of a pseudospinodal deserves more
study, as also does clarification of whether it actually coincides with the limit of stability [2],
the method has been applied to various liquid systems such as binary mixtures [43, 44]
proteins [13, 23-25] and other biopolymeric solutions [45], by using an experimental set-up
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Figure 1. Scaling of the isothermal compressibility 7 at different protein and salt concentrations.
Solid lines are linear fits to data. NaCl concentration (from top to bottom): 7, 5, 4, 3% w/v. The
factor f = 2¢73, where c; is the salt concentration in % w/v, has been used to visually separate
the salt concentrations. Protein volume fractions at NaCl 7% w/v: ¢ = 0.039, 0.040, 0.051, 0.065,
0.076, 0.079, 0.091, 0.097, 0.118, 0.096, 0.097, 0.119; at NaCl 5% w/v: ¢ = 0.032, 0.056, 0.075,
0.087, 0.109, 0.110, 0.119, 0.138; at NaCl 4% w/v: ¢ = 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, 0.127; at NaCl 3% w/v: ¢ = 0.042, 0.049,
0.085,0.99, 0.126, 0.115. Inset: the percentual error of data at 5% NaCl, A, = 100(k7 /ko—€) /€.

analogous to the present one. The same set-up has also been used to determine the correlation
length of critical fluctuations (as we shall see in the next section) [14, 44—46].

In figure 1, scattered intensity experimental data (also reported in [25]) are plotted in the
form of equation (1) with y = 1, in order to show the scaling behaviour of the isothermal
compressibility. Spinodal temperatures obtained from this scaling are plotted in figure 2.

Determination of the spinodal line can be very useful for modelling protein—protein
interactions in solution. Indeed, an ansatz on the interaction potential can in many cases
allow calculation of an analytic expression for the isothermal compressibility, and therefore
for the spinodal line («; 1'=0).

The existence of a liquid-liquid phase transition metastable with respect to solid—liquid
coexistence in protein or colloidal solutions has been explained by modelling solute interactions
through a short range attractive potential [4, 5, 8,9, 11]. Short range interactions are important
in determining some properties of such solutions, especially at low concentrations and high
ionic strength [47-49], even if long range forces (van der Waals attraction, electrostatic
repulsion etc) [50-52] and non-isotropic interaction [53, 54] can also contribute in determining
the phase diagram.

The simplest model for taking into account excluded volume effect and screened short
range interactions is that of a square well potential for a spherical particle with a hard core of
diameter o, and a range of interaction Lo:

o0, r<o,
Vsw(r) = { —u, o <r <o, (2)
0, r > Ao.

In the limit of an infinitely narrow and deep well (adhesive hard spheres), and in the Percus—
Yevick approximation, an explicit expression for the compressibility has been derived [55]:
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Figure 2. Spinodal points. Experimental data: NaCl 7% w/v (circles), 5% w/v (squares),
4% w/v (dark diamonds), 3% w/v (light diamonds). Solid curves are spinodal predictions
obtained as described in the text for the extended adhesive hard sphere models (equations (3)—
(7)); the values of the fitting parameters are A = 1.05, u = 0.72 kcal mol~! for all curves,
and h = 75, 85,95, 65 kcal mol~!, s = 0.24, 0.27, 0.32, 0.22 kcal mol~! K~! respectively for
[NaCl] =7,5,4,3% w/v. The dotted curve is a spinodal curve obtained within the same model,
but with zero perturbative entropy (s = 0). Dashed curves are spinodal curves calculated in [11]
using the SCOZA Yukawa potential with 5 = 100, u = 4.16 kcal mol~! (upper curve) and b = 30,
u = 2.55 kecal mol~! (lower curve).

vs . (1+2¢—6b+ 3602 — 6G)?

= 3
kT " (1= ¢)* ®
where ¢ is the volume fraction, vy is the solute volume, b = t(1 — @) + ¢, G = 2¢ + ¢* and
A—1
™' = lim 12 efu. 4)
-l

The so-called stickiness parameter t indicates the deviation of the second virial coefficient B,
from that for hard spheres: B,/BIS =1 — (47)~!. The same expression for compressibility
holds for a square well potential to zero order in (1 — A~") [56], with an appropriate mapping
of stickiness into square well parameters:

=403 = DEP - 1). (3)

It is worth noting that the easier choice of a hard sphere potential without an attractive
part, that can be worked out to obtain an explicit equation for the compressibility (PY
approximation [57], Carnahan-Starling formula [58]), would have been insufficient for
reproducing the present and previous experimental results for the lysozyme critical volume
fraction [13, 17, 20, 21, 25].

However, neither adhesive hard sphere expression for the compressibility (equation (3))
was sufficient to fit our spinodal points. A possible extension of the AHS model is based
on standard perturbation theories [57]. Weak or long range interactions can be treated as
a perturbation with respect to a reference potential which is explicitly considered in all
calculations. By taking adhesive hard spheres as a reference system we can modify the
compressibility equation to

K;l = IC;%) — 2a¢2, (6)
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where k7 ¢ denotes the reference compressibility (equation (3)), ¢ is the volume fraction and
the parameter a represents the perturbation energy density per unit volume fraction. This
parameter results from an averaging over many degrees of freedom; therefore, it is related
to a free energy and can include both an energetic (or enthalpic) and an entropic term [59],
following a classical approach from polymer physics [60]:

a=h-—Ts. )

Spinodal lines, calculated by equating to zero k. ' in equation (6), are used to fit

experimental data (figure 2). The same critical volume fraction has been used: ¢. = 0.177,
and T, = 32.5,22.5,15.0, 8.1 °C respectively for [NaCl] = 7,5, 4, 3% w/v. The value of
A has been fixed, reasonably, to 1.05, and the value of the potential u has been fixed to
0.72 kcal mol~!. (Note that this is the same value as in [25], where it was misprinted.) This
choice of parameters is quite critical to obtaining a reasonable value for the critical volume
fraction, which was chosen as ¢. = 0.177, according to [21] and to our data [25]. The curves
are redrawn from [25], where an attempt to use a generalized van der Waals model was also
discussed.

The necessity of including a perturbative term, and particularly the entropic part, arises
from the positioning of the experimental spinodal temperatures which assumes a quite flat
profile over volume fractions. (The dotted curve in figure 2 is drawn by assuming a zero
entropic contribution, s = 0.) In order to improve our analysis, it is helpful to use an
expression for compressibility calculated via the more refined self-consistent Ornstein—Zernike
approximation (SCOZA) [61, 62, 11]. Calculations performed with this approach have given
phase diagrams with metastable liquid-liquid coexistence and spinodal lines that look like good
candidates for describing lysozyme solutions. As a first attempt, we plot in figure 2 (dashed
curves) spinodal lines calculated in [11] for the SCOZA Yukawa potential for different values
of the screening parameter b (roughly speaking, b is equiparable to the inverse of the range
parameter in the square well potential, namely [ — 1]~"). Even if such curves have a larger
extent than that calculated with the Baxter expression (equation (3) and the dotted curve in
figure 2), the critical point is located at larger volume fractions, so they are not able to fit
experimental data.

As a last comment, we note that it is reasonable that the model of hard spheres with short
range attraction, appropriate for colloids in solutions, should be extended to globular proteins,
which are complex objects of irregular shape and highly structured surface [53, 54, 63, 64],
and with screened (yet long ranged) electrostatic interactions [65, 66]. The inclusion of an
entropic term in the free energy was meant as an averaging over degrees of freedom including
solvent molecules, so as to include the hydrophobic effect or hydration.

4. Slowing down

Isothermal compressibility diverges on approaching the spinodal line. From the fluctuation-
dissipation theorem we learn that the compressibility is proportional to the amplitude of
the concentration fluctuations [2, 42]. Also the correlation length and the relaxation time
of concentration fluctuations are expected to diverge along with the compressibility on
approaching instability. If the pseudospinodal hypothesis holds, the correlation length & should
diverge critically on approaching the spinodal temperature:

§ =€ ", ®)

where v is a critical exponent related to the compressibility exponent y by the equality
y = 2v — n (n = 0 in the mean field) [42, 67].
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By means of dynamic light scattering experiments, we have measured the relaxation rate I'
of the concentration fluctuations simultaneously with the isothermal compressibility. At each
protein concentration, I decreases on approaching the spinodal temperature, and exhibits a
remarkable linear correlation with «; ! Thus, we observed a slowing down related to the
divergence of critical fluctuations on approaching instability at off-critical concentrations.

A typical observation in phase transition phenomena is the so-called ‘critical slowing
down’—that is, the divergence of the fluctuation relaxation time on approaching a second-
order phase transition [42]. One of the first explanations of this slowing down comes from
the relation between the relaxation rate of fluctuations I" and the isothermal compressibility
kr [40, 69]:
ag?
PKT ’
In this expression, p is the number density, and the Onsager coefficient « = «(T, 1, p) is the
concentration conductivity, supposed to have a very smooth dependence on temperature 7' and
viscosity n [68].

If we maintain the assumption that « has no critical behaviour, I is expected to go to zero
at the spinodal temperature with a linear dependence on the reduced temperature e—that is,
as the inverse compressibility: I' ~ €? ~ €.

On the other hand, if we consider concentration fluctuations of the correlation length &
as liquid droplets of size &, we would expect from hydrodynamics the following expression
(equivalent to the Stokes—Einstein equation for Brownian motion):

2
r- kel 1 (10)
6y &
In this case, the critical behaviour of the relaxation rate should mirror that of the fluctuation
correlation length: I ~ €".

Close to the critical point (or to the spinodal temperature), mode—mode coupling theory
actually predicts expression (10) [42, 70]. However, not very close to instability, as in
our experiments (where ¢ > 0.007), a mean field approach would suggest the validity
of expression (9) [71]. A more detailed calculation has been performed in the mode-
coupling approach, considering transport coefficients as the sum of a critical and a background
contribution [18, 44, 70-72]. In the OZ approximation, the relaxation rate is the sum of two
contributions, corresponding respectively to equations (9) and (10) [73, 46]:

r— kBTqZ[TSgC(1+$2q2)+l (1 +£2g%)¢ j| an

6mno | T&? & (uE /&) Ko(Eq)*!

where & = [6 oo/ (ks Ts) 1k, ! Sg, ag and 1 are respectively the background concentration
conductivity and the background viscosity, & and ko are the amplitude of the diverging
correlation length and the compressibility (equations (1) and (8)) and Ko(x) = 0.75x72[1 +
x% + (x3 — x Yarctan(x)] is the Kawasaki function [70]. The exponent z is related to the
divergence of the viscosity (n = no[u&/&:.]%), with u ~ 0.675 and z ~ 0.054 [73]. In the
present experiments the correlation length is sufficiently small (§¢ < 1) that equation (11) can
be simplified to the form [72]

ksTq*[ T,
I = B1 g [ \§c+li|'
67‘[770

= ©)

12)

- TE? &

Experimental data have been fitted using the latter equation and equation (8), with the
critical exponent fixed at the mean field value v = 0.5 and the spinodal temperatures obtained
from best fits of figure 1. We found a value for &, that increases with concentration as shown in
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Figure 3. Scaling of correlation lengths at different salt and protein concentrations, obtained by
taking into account both a critical and a background term (v = 0.5), as in equation (13). The factor
f = 2573, where c; is the salt concentration in % w/v, has been used to visually separate the salt
concentrations. Solid lines are linear fits to data. The NaCl and protein concentrations are as in
figure 1. Upper inset: the percentual error of the data at 5% NaCl, Az = 100(53 /€2 —€)/e. Lower
inset: the amplitude parameter &y of the data at 5% NaCl versus the volume fraction.

the inset of figure 3 (for one salt concentration, to avoid overcrowding the figure). As regards
the parameter &, we found the expected dependence on &;. By using fitting parameters and
equation (12) the correlation length can be derived from the relaxation rate:

418,
TEx |’

_ ksTq?

* 1 *
g_gz 1+ 1+ & = Gaml (13)
The scaling behaviour of the correlation length (according to the latter equation) is shown in
figure 3.

As pointed out in [25], if we assume equation (10) to hold at any distance from the
spinodal temperature, that is for any value of the reduced temperature €, the data cannot be
scaled by using a mean field exponent v = 0.5. Interestingly, a good scaling according to
equation (8) is obtained by using a non-classical exponent v = 0.63, close to that obtained
through renormalization group calculation at the critical point (figure 4). Moreover, in this
case we obtain an amplitude parameter that is quite independent of volume fraction.

A clear explanation of these findings would of course require a more developed theory.
A fact that seems robust with respect to all kinds of analyses is that the slowing down
observed at off-critical concentration is actually due to (or at least strictly correlated with)
the divergence of the amplitude of concentration fluctuation on approaching the region of

liquid-liquid instability.

5. Conclusions

In the present work, we have reported static and dynamic light scattering experiments on a
solution of lysozyme at pH 4.5 and at different ionic strengths (NaCl concentrations of 3, 4,
5 and 7% w/v). In our experimental conditions, lysozyme solutions are supersaturated and
metastable with respect to the equilibrium coexistence between solid and liquid phases; on
lowering the temperature they undergo a liquid-liquid phase transition [13, 17, 20-22].
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Figure 4. Scaling of correlation lengths at different salt and protein concentrations with a non-
classical critical exponent (v = 0.63), obtained as in equation (10). The factor f = 273, where
¢, 1s the salt concentration in % w/v, has been used to visually separate the salt concentrations.
Solid lines are linear fits to data. The NaCl and protein concentrations are as in figure 1. Upper
inset: the percentual error of the data at 5% NaCl, Az = 100((&y JE)Y/Y —€)/e. Lower inset: the
amplitude parameter &y of the data at 5% NaCl versus the volume fraction.

The isothermal compressibility (related to the amplitude of the concentration fluctuations)
has been found to diverge on approaching a given temperature [25]. This behaviour allows
one to extrapolate the compressibility divergence to the spinodal temperatures, which mark
the limit of stability. We show that the compressibility diverges following a power law (with
an exponent y = 1) on approaching the spinodal as it would do on approaching the critical
point (the pseudospinodal hypothesis [35]).

Spinodal data can be interpreted with a model including excluded volume and short range
interactions (adhesive hard spheres) as well as a perturbative term (perhaps mimicking long
range interactions), with both an enthalpic and an entropic contribution, which, reasonably,
takes into account the role of hydration water or a (mean field) hydrophobic effect.

The relaxation rate of concentration fluctuations determined by dynamic light scattering
measurements goes to zero on approaching the spinodal line, with a strong correlation
with the inverse compressibility. Here, we have addressed the possibility of measuring the
correlation length of fluctuations from the relaxation rate within the framework of generalized
hydrodynamics and mode-coupling theory [70, 73]. The slowing down of the dynamics
observed at off-critical volume fractions is related to the scaling divergent behaviour of the
correlation length.

Fluctuations close to the critical point have been shown to be relevant in enhancing the
rate of crystal nucleation by providing droplets of high local concentration [36]. In this
respect our experiments suggest that since off-critical fluctuations exhibit the same divergent
scaling behaviour, they may have a key role in the crystallization mechanisms, as well
as in the competition between crystal formation and dynamical structural arrest at higher
concentration [74].
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