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Small-angle neutron scattering study of structure and interaction during
salt-induced liquid-liquid phase transition in protein solutions
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The liquid-liquid phase transition (LLPT) in aqueous salt solutions of lysozyme protein has been studied by
small-angle neutron scattering. Measurements have been carried out on fixed protein concentration with varying
salt concentration approaching LLPT. The data are fitted considering protein interaction by the two Yukawa
(2Y) potential which combines short-range attraction and long-range repulsion. We show that LLPT arises
because of enhancement of non-DLVO (Derjaguin-Landau-Verwey-Overbeek) short-range attraction without
any conformational structural change of the protein. The salt concentration required for LLPT as well as
corresponding short-range attraction decreases significantly with increase in protein concentration.
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I. INTRODUCTION

Proteins are macromolecules made of amino acids, which
perform structural, transport, catalytic, sensory, and many
other important biological functions [1,2]. In solutions, they
are known to exhibit rich phase behavior [3,4]. The variation
of different solution conditions such as concentration, temper-
ature, pH, and ionic strength can induce the protein solutions
to undergo various phase transitions following the structural
changes which are often preceded by the appropriate changes
in interactions among the protein molecules [5,6]. It is believed
that many of these phases of protein solutions can be explained
by the interaction combining short-range attraction along with
the long-range repulsion [7-10]. The tuning of these two
interaction components can lead to different phase transitions
including liquid-liquid phase transition (LLPT) [11]. In LLPT,
the protein solution gets divided into two phases; one is
rich in protein while the other is protein deficient [12]. The
liquid-liquid phase is one of the important phases that can
enhance a solid phase such as crystallization [13—15]. The
recent simulations and theory predicts that the LLPT reduces
the nucleation barrier thereby elevating crystal nucleation [16].
The LLPT is metastable with respect to other phase transitions.
Thus, this phase transition is interesting not only because it
competes with formation of other phases but also it can provide
a distinctive kinetic route for these other processes. The LLPT
is also important from the medicinal point of view related to
cold cataracts observed in eye lenses of certain mammalian
species [17].

There have been a number of studies to understand different
aspects of LLPT in protein solutions [18-23]. Most of the
studies on LLPT were carried out in the presence of salts,
which is believed to influence structure as well as interaction
in protein solution leading to LLPT. The different structural
forms of protein molecules, from monomers to their clusters,
have been reported in their salt solutions [18,21-23]. These
different forms of protein structures strongly depend on the
protein and salt used. However, no direct correlation between
these structures and LLPT has been found. The interaction of
proteins in the absence of salt or at low ionic strengths can
be successfully modeled by the Derjaguin-Landau-Verwey-
Overbeek (DLVO) potential which combines short-range van
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der Waals attraction with long-range double layer repulsion
[24]. At higher salt concentrations and on approaching LLPT,
the DLVO potential does not work because of emergence of
non-DLVO contributions [25-28]. This non-DLVO potential
has been mostly modeled by the Baxter’s sticky hard sphere
potential interacting through a range much smaller than the
size of the protein. The depth of the potential rises with the
increase in salt concentration and LLPT is believed to occur
when it becomes significantly larger than the thermal energy of
the particle [29]. The potential is however oversimplified due
to its (i) confinement over a very narrow region and (ii) distance
(r) independence within that region [30,31], which limits the
applicability of this potential. Recently, the two Yukawa (2Y)
potential has been used to take account of both the DLVO and
non-DLVO interactions in protein solutions [32]. The strength
and range of both attractive and repulsive interactions for this
potential can be determined. In this paper, we have examined
the evolution of structure and interaction in protein salt solution
undergoing LLPT by small-angle neutron scattering (SANS).

We have performed SANS measurements on aqueous
lysozyme solutions over a wide range of protein concentration
(1-20 wt %) with varying concentration of NaCl approaching
LLPT. Lysozyme (M.W. 14.4 kDa) has been used as a model
protein which is one of the most commonly studied in the
literature because of its structural robustness [33]. SANS is an
ideal technique to probe both structure and interaction in such
protein systems [34,35]. The measured scattering intensity in
SANS is the product of the form factor and the structure factor,
where the form factor provides information on the structure
(shape and size) of particles and the structure factor depends on
the interaction between particles. The SANS data are analyzed
using the 2Y potential for protein molecules interacting via
short-range attraction and long-range repulsion.

II. EXPERIMENT

Hen egg white lysozyme (three times crystallized and
lyophilized) was obtained from Fluka and used as obtained.
All the samples were prepared in 20 mM phosphate buffer
of pD 7.0 in D,O (99.9 at. %) as solvent (instead of H,0)
for getting better contrast in SANS experiments. Small-angle
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neutron scattering measurements were carried out at the
SANS-I facility, Swiss Spallation Neutron Source SINQ, Paul
Scherrer Institut, Switzerland [36]. The wavelength of the
neutron beam used was 6 A. The experiments were performed
at sample-to-detector distances of 2 and 6 m to cover wave
vector transfer Q (=4msin6/A, where 20 is the scattering
angle and A is the wavelength of incident neutron) in the range
of 0.01-0.3 A~!. The scattered neutrons were detected using a
two-dimensional 96 cm x 96 cm detector. The measurements
were performed on different protein concentrations (1, 2, 5,
10, and 20 wt %) of lysozyme solutions with varying NaCl
concentrations approaching LLPT. The samples with different
protein and salt concentrations were obtained by diluting the
concentrated stock solutions of protein (25 wt %) and salt
(4 M). The stock solutions were prepared by dissolving the
known amounts of protein and salt in buffer solution and kept
overnight to get the protein fully dissolved. The measurements
were carried out on the freshly prepared samples. All the
data were corrected and normalized to absolute scale using
BERSANS-PC data processing software [37].

III. SMALL-ANGLE NEUTRON SCATTERING ANALYSIS

SANS is an elastic scattering technique in which one
measures coherent differential scattering cross section per unit
volume (dX/dS2) as a function of Q. For a monodispersed
system of protein macromolecules, d ¥ /d 2 can be expressed
as [34]

dx
) Q)

=n(pp — p)*V; P(Q)S(Q) + B, (1)

where 7 is the number density of macromolecules; p, and py
are scattering length densities of macromolecule and solvent,
respectively. V), is the volume of the macromolecule. P(Q) is
the square of the form factor F(Q) which contains information
about the shape and size of macromolecule. S(Q) represents
the interparticle structure factor and is determined by the
interaction between macromolecules. B is a constant term due
to incoherent background which is mainly from the hydrogen
content in the sample.

P(Q) is calculated for the prolate ellipsoidal shape of the
protein macromolecule and is given by

1
P(Q) = /0 FX(Q,w)du, 2)

3(sinx — x cos x)

FQu = == 3)

x = Q[azuz +b2(1 _ MZ)]I/Z’ (4)

where a and b = ¢ are semimajor and semiminor axes of the
protein macromolecule. V, (=4mab?/3) is the total volume of
the macromolecule. The variable u is the cosine of the angle
between the directions of a and Q.

In the case of an isotropic system, S(Q) can be written as

sin Qr 2

S(Q)=1+4nn / [g(r) — 1] redr, 4)
where g(r) is the radial distribution function. It is the
probability of finding the particle at a distance r from a
reference particle centered at the origin. The g(r) is governed
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by the form of the potential V (7). It has been calculated using
the two Yukawa potential under mean spherical approximation
[32]. The two Yukawa potential having four parameters
(K1, K», Z1, and Z,) is expressed by

I‘:B(FT) =oo(r < o) = Voy/kgT(r > 0), (6)
where
Vor(r) _ K, exp[—Z(r/o —1)]
kgT r/o
L g, P2/ — D) -
r/o

and o [=2(ab?)'/?] is an effective hard sphere diameter of the
protein macromolecule.

The second virial coefficient (B;) depends on the pair
interaction between the macromolecules and can be calculated
from the interaction potential as given by [38]

2JTNA

b= S5t [ = exp vy D, ®)
where Ny is Avogadro snumber and M is the molecular weight
of the protein.

The analysis has been carried out by fitting experimental
SANS data using Eq. (1). There are only four fitting parameters
(K1, K>, Zy, and Z;) describing the total interaction potential
considered in the analysis of SANS data. The structural param-
eters of the protein are obtained from the dilute solution. The
volume fraction of protein is kept constant as calculated from
the concentration of the protein solution. Throughout the data
analysis, corrections were made for instrumental smearing.
The scattering profiles as given by Eq. (1) were smeared
by the appropriate resolution function of the instrument to
compare with the measured data. The parameters in the
analysis were optimized by means of a nonlinear least-squares
fitting program [39].

IV. RESULTS AND DISCUSSION

Figure 1 is the room temperature (30 °C) phase diagram of
a lysozyme protein-NaCl salt system as a function of protein
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FIG. 1. The variation in LLPT salt concentration as a function of
lysozyme protein concentration.
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concentration undergoing LLPT. The phase diagram provides
NaCl concentration required for achieving LLPT where the
protein solution undergoes phase transition from a one phase
to a two phase system. The LLPT point is determined by
the study of light transmission. It is also observed visually
that the system becomes turbid at this point. The turbidity
is the characteristic of LLPT arising from the protein-rich
phase. It is observed that one phase region is significantly
reduced with increasing protein concentration. These results
are consistent with the fact that the solubility of protein is
known to decrease with increasing protein concentration and
therefore LLPT is observed at lower salt concentrations for
higher protein concentrations [40]. The solubility and LLPT
are basically connected as both are related with the hydration
of the protein. The LLPT is believed to arise from enhanced
hydrophobic attraction among the protein molecules due to
entropy driven dehydration induced by the hydrated salt ions
at the protein surface. This statement is based on some of our
earlier work on salt-induced micellization of amphiphilic block
copolymer [41] and clouding in surfactant micelles [42]. It had
been found that the effect of increasing salt concentration is
similar to that of increasing temperature. This salting out effect
has been found to be more pronounced for the salts ions (both
coions and counterions) when their hydrated size is large.
Figure 2 shows SANS data of 5 wt % aqueous lysozyme
solution with varying concentration of NaCl approaching
LLPT. The measured LLPT salt concentration for 5 wt %
lysozyme solution is 0.62 M. It is observed that the scattering
data change significantly in the lower Q range (Q < 0.08 A1)
whereas the data in the higher Q range almost overlap each
other with the increase in salt concentration. A correlation
peak, an indication of repulsive interaction between charged
protein molecules is seen for pure protein (no salt) solution.
The correlation peak broadens along with the strong buildup
of scattering intensity in the low Q region. This buildup of
scattering intensity has been believed to arise because of the
evolution of attractive interaction among the protein molecules
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FIG. 2. (Color online) SANS data of 5 wt % lysozyme with
varying NaCl concentration. The inset shows structure factor curves
for the fitted SANS data. The curves in the inset from bottom to top
in the low Q region correspond to increasing salt concentration.
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in the presence of salt. The structure factor contribution in the
scattering intensity at low Q values is known to depend on
the isothermal compressibility of the system and therefore
diverges for attractive interaction as found in the present data.
The data have been fitted with Eq. (1) in which S(Q) is
calculated for the two Yukawa potential [Eq. (6)] where the
second Yukawa term is for the long-range repulsion between
charged protein macromolecules and the first Yukawa term
takes account of the short-range attraction induced by the
presence of salt ions in protein solutions. The solid lines in
Fig. 2 are the fitted curves of the experimental data. These
data have been fitted with the form factor of the prolate
ellipsoidal shape of the protein macromolecule [Eq. (2)].
The calculated values of semimajor and semiminor axes of
lysozyme macromolecule are obtained from the dilute protein
solution (0.5 wt %) having values of 24 and 13 A, respectively,
and are found consistent with the literature [43,44]. The
calculated structure factors using 2Y potential to fit the data
are shown in the inset of Fig. 2. It is clear that the system
is becoming more and more attractive on approaching LLPT
with increasing salt concentration. The variations of attractive,
repulsive, and total potential with varying salt concentration
are shown in Fig. 3. It may be noted that short-range attraction
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FIG. 3. (Color online) The calculated (a) attractive, (b) repulsive,
and (c) total potential for 5 wt % lysozyme protein solution approach-
ing LLPT. The curves from top to bottom in each case correspond to
increasing salt concentration.
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TABLE 1. The fitting parameters (K, Z;, K», and Z;) of 2Y potential for SANS data of 5 wt % lysozyme solution. The value of total
potential at a distance that protein molecules experience through a hydration layer between them is also given. The calculated values of charge
(in electron units) and ionic strength (I. S.) (in molar units) as obtained from K, and Z, are given in parentheses, respectively. The second virial
coefficient (B,) is calculated from the fitted parameters of the potentials.

NaCl

concentration B,

(M) K, Z K, (charge) Z, (1.S.) Voy /kT (mol ml/g?)
0.0 4.0 11.0 2.0 (6.18) 2.0 (0.03) - 59 x 107
0.15 5.8 11.0 0.7 (6.08) 4.7 (0.17) —1.8 —2.1x10™*
0.3 6.7 9.5 0.4 (5.86) 6.4 (0.32) —2.6 —38x107*
0.45 7.1 8.5 0.3 (5.70) 7.8 (0.47) —3.2 —4.8x107*
0.6 73 7.0 0.2 (5.10) 8.5 (0.56) —-3.5 —6.3 x 1074

in salt-free protein solution is found to be similar to that as
obtained from the van der Waals component of the DLVO
potential. The increase in attractive interaction with salt can
no longer be explained by the DLVO potential and is believed
to be from non-DLVO components arising from dehydration
properties of salt [42,45]. The fitted parameters of structure
and interaction for the data (Fig. 2) are given in Table I. The
globular structure of lysozyme protein remains unaltered with
salt concentration and the changes observed in data are fitted
using changes in the interaction potential modeled by the 2Y
potential comprised of four fitting parameters (K, K», Z,
Z»). Here, K| and Z; are the fitting parameters of the attractive
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potential to give the strength (proportional to K;) and range
(proportional to 1/Z;), respectively. On the other hand, K, and
Z, are the fitting parameters of the repulsive potential which
provide the strength (related to effective charge) and range
(related to ionic strength), respectively [46].

The values of effective charge and ionic strength as
calculated from the K, and Z, are given in Table I; they
have been found to follow the trend as expected with the
increase in salt concentration. This suggests strength and
range of repulsive potential decrease on addition of salt.
The changes in the repulsive potential parameters (effective
charge and ionic strength) of the 2Y potential on approaching
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FIG. 4. SANS data of 1, 2, 10, and 20 wt % lysozyme with varying NaCl concentration.
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LLPT are found to agree reasonably well with the theoretical
calculation using Rescaled Mean Spherical Approximation
(RMSA) as proposed by Hansen and Hayter [47]. The strength
and range of attractive potential related to K; and Z, are
found to increase unlike those of repulsion (K>, Z,) which
decrease on addition of salt. These variations suggest that
attractive potential tends to be stronger and broader whereas
the repulsion becomes weak and narrower with increase in
salt concentration. The evolution in the attractive interaction
with salt can be understood in terms of enhanced hydrophobic
attraction among the protein molecules due to entropy driven
dehydration induced by the hydrated salt ions at the protein
surface [48,49]. On the other hand, the increase in counterion
condensation and the ionic strength (screening) are known
to decrease the strength and range of the repulsive potential,
respectively [50,51]. The value of the potential at a distance
corresponding to the size of the water molecule [52,53]
through which the attractive interaction is believed to be
mediating increases with the salt concentration (Table I). This
corresponds to a contact distance of about 35 A between
protein molecules, which is the sum of the protein diameter
and the size of the water molecule. The LLPT is found
to occur when the interaction potential is around —3.5 kT.
The interaction potential of this order which is significantly
larger than the average kinetic energy (1.5 kT) of the protein
macromolecule has also been reported in the literature [29] and
could be required for the cases when the interparticle distance
is much larger than the size of the particle. This suggests
that the protein concentration can be one of the important
parameters for tuning interaction to achieve LLPT and is
discussed below.

TABLE II. The fitting parameters of 2Y potential for SANS data
of 1,2, 10, and 20 wt % lysozyme. The second virial coefficient (B;)
is calculated from the fitted parameters of the potentials.

Lysozyme NaCl

cocentration concentration B,

(Wt %) (M) K, Z K, Z, (mol ml/gz)

1 0.0 40 11.0 14 30 1.2 x 1074
0.4 45 110 14 35 0.4 x 1074
0.8 70 65 03 90 —65x10™*
1.2 77 60 02 105 —79x107*
1.6 82 6.0 0.1 120 —-85x10™*

2 0.0 40 11.0 1.5 3.0 1.5x 1074
0.25 63 80 05 65 —43x10™
0.5 75 70 03 78 —64x107*
0.75 80 60 02 80 —-82x10™*
1.0 80 6.0 0.1 80 —-83x10™*

10 0.0 40 110 23 22 6.1 x 1074
0.1 42 11.0 1.0 40 —06x10*
0.2 48 11.0 05 57 —20x10*
0.3 59 100 04 68 —-3.1x10™"
0.4 63 95 03 74 -—-37x10™

20 0.0 40 11.0 23 2.1 2.7 x 107
0.05 42 110 12 3.1 0.5 x 1074
0.1 44 100 09 35 —08x10™*
0.15 46 105 07 43 —15x10*
0.2 53 11.0 05 53 —22x10™*
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The second virial coefficient (B,) is widely used for
understanding phase transitions in protein solutions [54-56].
A solution condition that corresponds to a positive value for
B, indicates strong repulsive interaction between the pro-
tein molecules. Strong attractive interaction between protein
molecules, however, gives rise to large negative values for B,
[57]. These solution conditions are responsible for leading to
phase transitions such as LLPT. The calculated value of B, for
a protein solution undergoing LLPT with increasing salt con-
centration is given in Table I. The B, has a high positive value
(5.9 x 10~* mol ml/g?) for a salt-free protein solution whereas
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FIG. 5. (Color online) The correlation of (a) SANS data, (b) total
potential, and (c) structure factor for different protein concentrations
in the presence of NaCl on approaching LLPT. The curves for
total potential bottom to top correspond to increasing protein
concentration. In the calculation of structure factor the first minimum
as marked from top to bottom corresponds to increasing protein
concentration.
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it becomes negative with the addition of salt. The B, value at
the LLPT is found to be around —6.3 x 10~* mol ml/g?, which
is consistent with that reported in the literature [15].

Figure 4 shows the SANS data for different protein con-
centrations (1, 2, 10, and 20 wt %) with varying concentration
of NaCl approaching their respective LLPT points. The LLPT
points are obtained at NaCl concentrations of 1.65, 1.05, 0.42,
and 0.22 M for 1, 2, 10, and 20 wt % lysozyme solutions,
respectively. The correlation peak of these SANS data as
observed clearly in the absence of salt shifts to a higher Q
value with increasing protein concentration. This is as a result
of an increase in number density of macromolecules leading to
adecrease in the average distance between the macromolecules
with concentration. All the SANS data irrespective of protein
concentration approaching LLPT show similar trends to that as
discussed in the case of Fig. 2. There is a buildup of scattering
in the low Q region with increasing salt concentration. The
fitted interaction parameters in these systems are given in
Table II. In all the cases, the parameters K; (strength) and 1/Z;
(range) of attractive potential increase whereas the parameters
K5 and 1/Z, of repulsive potential decrease on approaching
LLPT. However, the variation of parameters (strength and
range) and B, values corresponding to attractive potential is
found significantly higher for lower protein concentrations.
This may be the deciding factor to correlate the concentration
of protein and salt to achieve LLPT, for example, as observed
in Fig. 1.

The comparison of SANS data on approaching (prior to)
LLPT for different protein concentrations is given in Fig. 5(a).
The data are compared for 1 wt % lysozyme with 1.6 M NaCl
(LLPT salt concentration = 1.65 M), 2 wt % lysozyme with
1.0 M NaCl (LLPT salt concentration = 1.05 M), Swt %
lysozyme with 0.6 M NaCl (LLPT salt concentration =
0.62 M), 10 wt % lysozyme with 0.4 M NaCl (LLPT salt
concentration = 0.42 M), and 20 wt % lysozyme with 0.2 M
NaCl (LLPT salt concentration = 0.22 M). It is observed that
the data are significantly different depending on the protein
concentration. The difference in the data may arise because of
a change in the interaction potential and hence the structure
factor of the system. The protein concentration dependent
fitted interaction potential and the structure factor approaching
LLPT are plotted in Figs. 5(b) and 5(c), respectively. The
values of potential (at a distance of the size of the water
molecule) responsible for LLPT in these systems are given in
Table III. The required attractive potential for obtaining LLPT
is found to decrease with increasing protein concentration and
hence can be achieved at a much lower amount of salt for
higher protein concentrations. The lower values of attractive

PHYSICAL REVIEW E 87, 062708 (2013)

TABLE III. The protein concentration dependence on the depth
of total potential on approaching LLPT. The value of total potential
is calculated at a distance that protein molecules experience through
a hydration layer between them. The second virial coefficient (B,) is
calculated from the fitted parameters of the potentials.

Protein Salt

concentration concentration B,

(wt %) (M) Voy /KT (mol ml/g?)
1 1.6 —4.1 —8.5x107*
2 1.0 —4.0 —83x107*
5 0.6 -3.5 —6.3 x 107*
10 0.4 -2.2 —3.7x107*
20 0.2 —1.5 —22x%x10™*

potential to achieve LLPT for higher protein concentrations
are also consistent with the lower B, values for these systems
(Table III). This can be understood on the basis that the
average distance between the protein molecules decreases
with protein concentration, which makes it easier (lower
potential) for molecules to undergo LLPT. The present study
thus shows that the average distance between particles is an
important parameter and can be simply varied by the particle
concentration in tuning the LLPT.

V. CONCLUSIONS

SANS has been used to study the structure and interaction in
aqueous solution of lysozyme protein leading to liquid-liquid
phase transition (LLPT) as induced by salt. The LLPT is found
to be governed by the change in the interaction potential of
protein molecules whereas the conformational structure of
the protein remains unaltered. The interaction is modeled by
the two Yukawa potential combining short-range attraction
and long-range repulsion. The LLPT occurs as a result of
the dominance of a non-DLVO kind of short-range attraction
with increasing salt concentration. This attractive interaction is
believed to arise from entropy driven dehydration induced by
the hydrated salt ions. The magnitude of attractive potential
required to achieve LLPT is of the order of average kinetic
energy of the molecules but decreases significantly with
increasing protein concentration.
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