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This paper presents an investigation of the phase diagram of BPTI (bovine pancreatic trypsin inhibitor)/350
mM KSCN at pH 4.9 by direct observation and numerical simulations. We report optical microscopy and
light and X-ray scattering experiments coupled with theoretical data analysis using numerical tools. The phase
diagram is thoroughly determined, as a function of temperature. Two polymorphs are observed by video
microscopy and their solubility measured. In this phase diagram, the liquid-liquid phase separation (LLPS)
is metastable with respect to the solid-liquid phase separation. Above theTL-L boundary curve, solutions
are composed of a mixture of BPTI monomers and decamers. Attractive interactions are stronger between
decamers than between monomers. Below theTL-L boundary curve, the dense phase is highly concentrated
in protein and composed of BPTI decamers alone. Thus, the driving force for liquid-liquid or liquid-solid
phase separation is the attraction between decamers at low pH. The structure factors of the dense phases are
characteristic of repulsive dense phases because of a hard sphere repulsion core, meaning that in the dense
phase proteins are actually in contact (interparticle distance of 53 Å). In agreement with the Oswald rule of
stages, LLPS occurs prior to and impedes the solid nucleation.

1. Introduction

A deep understanding of the phase diagrams of colloidal or
biological molecules is of considerable importance in industrial
science, for example, for paints, foods, or pharmaceuticals1,2

and in structural genomics and drug design for the success of
crystallization experiments.3 Protein phase separations can also
be the cause of human diseases, such as cataract4 or sickle cell
disease.5

Despite their fundamental importance, phase diagrams of only
a few proteins have been studied: insulin,6 fibrinogen,7 γ-crys-
tallin,8 lysozyme,4,9-12 concanavalin,13 canavalin,14 R-amy-
lase,15,16 collagenase,17 bovine pancreatic trypsin inhibitor
(BPTI),16,18 apoferritin,19 endoglucanase A,20 and the photo-
chemical reaction center fromRhodobacter sphaeroidesY.21

Recently, there has been a renewed enthusiasm for phase-
transition studies of colloids22 and proteins22-27 due to advances
in experimental and computational technologies. Moreover,
colloids and proteins can be used as “model” (model means
available in sufficient quantity for many fundamental studies
and not representative of all other biological molecules) systems
for studying nucleation and crystal growth mechanisms in
solution, since their nanosizes, shapes, and interactions enable
them to be studied by scattering techniques, such as light
scattering or small angle X-ray scattering (SAXS),22,28,29and
to be observed during crystallization by in situ atomic force
microscopy.30-32

In this paper we thoroughly characterize the phase diagram
of BPTI in 350 mM KSCN, pH 4.9, as a function of temperature

and report SAXS investigations of its liquid-liquid phase
separation (LLPS) with the aim of explaining and understanding
solid-phase nucleation in the vicinity of a LLPS. We demonstrate
that interactions and oligomerization need to be taken together
in order to explain the liquid and solid nucleation behavior of
BPTI.

2. Results and Discussions

2.1. Phase Diagram.2.1.1. Solubility.Figure 1 shows the
BPTI crystal habits of the two polymorphic modifications that
we observed by video microscopy at pH 4.9 from 350 mM
KSCN solution. The bipyramid habit (Figure 1a) has the
appearance of the chloride hexagonal polymorph,33 while the
platelet habit (Figure 1b) is the thiocyanate monoclinic poly-
morph.34 To our knowledge, this is the first time that the
chloride-like hexagonal polymorph has been observed in KSCN.
Moreover, this assumption is confirmed by the reverse solubility
curve measured for the bipyramid polymorph (Figure 2a). This
reverse temperature dependence has previously been observed
for the chloride-like hexagonal polymorph in acidic conditions
in NaCl18 and NaBr.35 Note that the monoclinic polymorph
solubility has direct temperature dependence and solubility
curves cross at 12°C.

2.1.2. Liquid-Liquid Phase Separation.Figure 2b shows the
completeTL-L boundary curve. Due to protein solution instabil-
ity with respect to crystal nucleation atC > 120 mg/mL, it is
impossible to measure directly theTLL of these solutions.
Therefore, the concentration of the dense phase or right branch
of the liquid-liquid coexistence curve was measured by UV
spectroscopy, as described in section 2.2. (Table 1). The
accuracy of these points is very low because the dense phase
gels and represents a volume fraction of less than 4% of the
starting solution (Table 1).
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In this phase diagram, the LLPS is metastable with respect
to the solid-liquid phase separation. This is often observed in
protein systems, because of short-range attraction between
proteins.36 It is noteworthy that no primary nucleation was
observed in the time frame of the experiments for the range of
temperature and protein concentrations tested in this paper, 15-
120 mg/mL and 15-26 °C, respectively, while the solutions
were supersaturated with respect to the solid phase. As a result,
LLPS (the metastable phase) occurs prior to and impedes solid
(the stable phase) primary nucleation, in agreement with the
Oswald rule of stages. Finally, the protein concentration in the
solid phase is about 640 mg/mL for the monoclinic form of
BPTI (PDB entry 1BHC), the solidus line in Figure 2b.

2.2. Scattering Studies of BPTI Supersaturated Solutions.
In a previous SAXS study, the BPTI LLPS was studied37 by
temperature quench below the spinodal temperature. In the case
of spinodal decomposition, the solution rapidly separated into
two phases, and large droplets appeared and fell rapidly in the
solution; thus, a bulk continuous second phase was formed.38

In this work, we performed binodal decomposition by slowly
decreasing the temperature at a rate of 5°C/h. We thus expected

to obtain a stable suspension of droplets during SAXS measure-
ment. BPTI solutions at 20, 30, and 40 mg/mL were prepared
and separated into two batches. For the first batch, the scattering
intensities were recorded at different temperatures above and
below theTL-L boundary curve. The principle of the experiments
is summarized in Figure 3. As clearly shown in this graph, all
the protein solutions are supersaturated and even after the LLPS,
the supernatant is still supersaturated. For the second batch, see
the next section.

Figure 1. Crystal habits of BPTI crystals grown from 350 mM KSCN solution: (a) bipyramid and (b) monoclinic polymorphs.

Figure 2. Phase diagram of BPTI measured at pH 4.9 in 350 mM KSCN: (a) in the concentration range 0-140 mg/mL; the solubility curve of
monoclinic BPTI are from Lafont et al.18 and theTL-L boundary curve from Grouazel et al.37 (b) The completeTL-L boundary curve (this study);
error bars forC < 200 mg/mL have the size of the point on the graph and solid line is a guideline. The circle is a point of the solidus line.

TABLE 1: Characterization of the Two Phases Obtained
after the LLPS

volume %
total protein

concn
(mg/mL)

T
(°C)

supernatant
(mg/mL)

dense
phase

(mg/mL) supernatant
dense
phase

40 23 26 482 96.3 3.7
30 20 21 488 97.5 2.5
20 15.5 15 609 99 1

Figure 3. Conditions of the SAXS experiments in the partial phase
diagram of BPTI/350 mM KSCN at pH 4.9. Arrows represent the
temperature shift at a rate of 5°C/h.
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2.2.1. Scattering CurVes aboVe and below the TL-L Boundary.
Figure 4 shows the scattering intensities plotted as a function
of temperature, above and below theTL-L boundary curve, for
three different BPTI concentrations. We noticed no variation
in scattering intensity ats > 0.02 Å-1 whenT < TL-L, meaning
that the droplet suspension is stable, i.e., no decantation occurs
during these SAXS experiments. Thus, data presented in Figure
4 are representative of the total solution after the LLPS, namely
both phases.

To thoroughly characterize the system, we performed comple-
mentary SAXS experiments on the low-concentration or super-
natant phase after the LLPS occurred. These solutions were
obtained by mechanical separation of the second batch at 15.5,
20, and 23°C for initial concentrations of 20, 30, and 40 mg/
mL, respectively. By subtraction from the intensity of the total
demixed solution, we obtained the intensity scattered by the
high-concentration or dense phase (Figure 5). Moreover, the
procedure described in section 2.3.2.1 makes it possible to
determine the ratio of monomers to decamers and the protein
concentration in the supernatant (for the dense phase see section
2.2.3). These results are summarized in Table 2. To discuss these
results, we have, first, fitted the experimental scattering intensi-

ties measured above theTL-L boundary, using eq 4, therefore
obtaining the theoretical structure factors.

2.2.2. Structure Factors aboVe the TL-L Boundary.The two-
component model was used to fit the experimental curves for
20, 30, and 40 mg/mL obtained at 22, 30, and 30°C,
respectively (Figure 6). Indeed, at these temperatures, the
solutions were stable with respect to the LLPS although
supersaturated. As written in eq 4, four terms must be
determined to account for the scattering intensity: three structure
factors and the monomer-to-decamer ratio, which gives the

Figure 4. Scattering intensities of BPTI solutions at pH 4.9 and 350 mM KSCN at different temperatures for (a) 20 mg/mL, (b) 30 mg/mL, and
(c) 40 mg/mL.

Figure 5. Scattering intensities of BPTI solutions at pH 4.9 and 350 mM KSCN at (a) 15.5°C for 20 mg/mL, (b) 20°C for 30 mg/mL, and (c)
23 °C for 40 mg/mL. The solid lines represent the form factor fitting of the experimental points; the color code is as follows: black for the total
solution, red for the supernatant, and blue for the dense phase obtained by subtracting the supernatant signal from the whole signal.

TABLE 2: Weight Fractions of Monomer and Calculated
BPTI Concentrations from Curve Fits of SAXS Data after
the LLPS in the Different Phases

protein
concn

(mg/mL)
T

(°C)
supernatant
(mg/mL)

%
monomer

dense
phase

(mg/mL)

40 23 25 53.4 489
30 20 20 52.1 559
20 15.5 16 65.6 846a

a This value is overestimated (the solidus line is estimated at 640
mg/mL).

Figure 6. Experimental (open points) and theoretical (lines) scattering
intensities of BPTI solutions at pH 4.9 and 350 mM KSCN at (a) 22
°C for 20 mg/mL, (b) 30°C for 30 mg/mL, and (c) 30°C for 40 mg/
mL. Theoretical intensities calculated from the two-components model.
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monomer and decamer concentrations. For this reason, we used
a two-step method. First, we determined the monomer-to-
decamer ratio as explained in section 2.3.2.1; namely, we
ignored the influence of the structure factor in thes-range 0.02-
0.035 Å-1 (Table 3). Second, we determined the monomer-
monomer, monomer-decamer, and decamer-decamer pair
interaction potentials. The best-fit parameters are presented in
Table 4, with a hard-core diameter of 26 and 50 Å and a charge
of +5 and+8 for the monomer and the decamer, respectively,
for an ionic strength of 385 mM. Surprisingly, the decamer
charge is very low,+8, which is due to the presence of
thiocyanate ions in the central channel of the decamer, reducing
the high internal positive charge density.34,39 The results
presented in Table 4 clearly indicate that decamer-decamer
potential is extremely attractive in comparison with monomer-
monomer and monomer-decamer potentials. Thus, the driving
force for the liquid-solid phase separation is the attraction
between decamers.

2.2.3. Scattering CurVes of the Dense Phase below the TL-L

Boundary.In the present study, it is very difficult to elucidate
the composition of the dense phase. There are two principal
reasons for this: (1) the dense-phase scattering intensity is not
directly measured, meaning the signal is noisy, and (2) the
difficult problem in SAXS data treatment (the experimental
curve is the product of the particle form factor by the solution
structure factor) is complicated by the binary mixture of
monomers and decamers. As written in eq 4, four terms must
be determined to account for the scattering intensity: three
structure factors and the monomer-to-decamer ratio, which gives
the monomer and decamer concentrations, meaning that there
is not a single solution.

Figure 7 shows the scattering intensities of the dense phases
of Figure 5 plotted on the same graph, and curves are normalized
by the concentrations of Table 2. The scattering curves behave
as already observed in the case of LLPS of urate oxidase/PEG
mixtures:27 the scattering intensity decreases fors< 0.0175 Å-1

and a peak appears ats ≈ 0.0175 Å-1.
First, we determined the monomer-to-decamer ratio as

explained in section 2.3.2.1; namely, we ignored the influence
of the structure factor in thes-range 0.02-0.035 Å-1. In that
case, a dense phase composed of decamers alone is apparently
the best fit for the dense-phase scattering curves, in agreement
with data of Table 3 and previous experiments of Hamiaux,40

indicating that when BPTI concentration is increased, the percent
decamer increases, in that case up to 100%. Moreover, the BPTI
concentrations calculated from the SAXS data (Table 2) are in
good agreement with the direct titration experiments presented
in Table 1.

Second, the protein concentration in the dense phase is very
high and approaches the protein concentration in the crystalline
phase, about 640 mg/mL for the monoclinic form of BPTI,
which corresponds to an interparticle distance of 53 Å. In the
dense phase, proteins are actually in contact and their hard
sphere repulsive core explains why we obtain a structure factor
below 1 ats < 0.0175 Å-1. Moreover, at very low scattering
vectors, there is an increase in the experimental scattering curve
due to the droplet interface, as previously suggested by Vivares
and Bonnete´.27

2.3. Implication for BPTI Crystallization. 2.3.1. Decameric
Crystallization of BPTI at Low pH.In previous work,33,41 we
have shown that, for the three new BPTI polymorphs grown at
pH 4.9, the growth unit was the decamer. Moreover, crystals
were grown from polydisperse solutions of monomers and
decamers with the proportion of monomers ranging from 85%
to 34%. Concerning the polymorphism of BPTI as a function
of pH, Gottschalk et al.39 have asked an interesting question:
“Why, then, are monomeric crystals obtained at high pH and
decameric crystals at low pH?” The results presented in Table
4 answer the question for the low-pH crystals, since decamer-
decamer attraction is stronger than monomer-monomer attrac-
tion. Thus, the driving force for crystallization is the attraction
between decamers. Crystallization at high pH values will be
discussed in another paper in preparation.

2.3.2. BPTI Nucleation and LLPS.Our results on the
nucleation behavior of BPTI decameric crystals relative to the
LLPS are in agreement with those reported for other proteins
(see the review by Vekilov42); namely, nucleation is enhanced
aboveTL-L and the nucleation is suppressed within the BPTI
dense phase. Suppression of nucleation of lysozyme crystals
within the dense phase has been attributed to the high viscosity
of the lysozyme dense phase, which considerably diminishes
the material diffusion.43 The SAXS results for the BPTI dense
phase showed repulsive protein-protein interactions. Proteins
are not aggregated, but due to the high protein concentration,
they are in a gel-like state in which the diffusivity is zero, as in
the solid state. In the cases of lysozyme and BPTI, the
metastable liquid phase impedes the nucleation of the solid
phase, which was also observed for some organic molecules.44,45

Note that recently, in an extremely interesting paper from

TABLE 3: Weight Fractions of Monomer Used in the
Two-Component Model (Figure 6)

protein
concn

(mg/mL)
T

(°C)
%

monomer

40 30 35.1
30 30 44.7
20 22 67

TABLE 4: van der Waals Parameters Used for the
Two-Component Model (Figure 6)

da (Å) Jb (kT)

monomer-monomer 1.5 3.1
monomer-decamer 2 3.3
decamer-decamer 2.5 4.5

a Range of the attractive potential.b Depth of the attractive potential.

Figure 7. Experimental scattering intensities of the BPTI dense phase
at pH 4.9 and 350 mM KSCN at 15.5, 20, and 23°C for an initial
concentration before LLPS of 20, 30, and 40 mg/mL respectively,
corresponding to dense phase concentrations of 846, 559, and 489 mg/
mL, respectively.
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Vivarès et al.46 on the crystallization of glucose isomerase in
the presence of a metastable LLPS observed by confocal
scanning fluorescence microscopy, it has been shown that
nucleation and crystal growth mainly occurred inside the dense
phase.

Finally, we propose the following practical rule for crystal-
lization: when we observe a demixion, it is bound to be
metastable with respect to crystallization and therefore the best
crystallization temperature isT, with Te > T g TL-L, whereTe

is the crystal-liquid equilibrium temperature.
Note that, here, we propose a practical rule for experimentalist

for whomC andTL-L values are experimentally accessible, for
their biological system, during crystallization experiments. For
instance, the opacification of solutions during crystallization
experiments can be observed; this is not the case for the critical
point or the spinodal temperature, as suggested by Palma et
al.47 Clearly, the critical point and temperature or spinodale
temperature are important values in the phase diagram, but their
influence on crystallization is not yet clear. For instance, Galkin
and Vekilov26 showed the influence ofTL-L on the nucleation
rate, confirming that the practical parameter isTL-L.

2.4. Biological Relevance.The present study confirms the
BPTI self-association into decamers at pH 4.5 and shows the
importance of the attraction between decamers for BPTI phase
separations. A better knowledge of protein phase separations
has potential applications in biophysics. For instance, liquid-
liquid phase separation is routinely encountered in membrane
protein crystallization studies, but it is not well characterized
or understood. Finally, the protein studied here is a new model
system for the phase separation studies, in complement to
lysozyme and crystallin proteins studied by numerous groups.

But the functional role for decamer is still not well under-
stood. Gottschalk et al.39 have proposed a functional role for
BPTI decamer in the secretory granules of mast cells, whereas
Hamiaux et al.33 thought it is highly improbable that BPTI
decamerization would occur under physiological conditions.

3. Conclusions

This paper provides an investigation of the phase diagram of
BPTI/350 mM KSCN at pH 4.9 by direct observation and
numerical simulations. We report optical microscopy and light
and X-ray scattering experiments coupled to theoretical data
analysis using numerical tools developed by Belloni et al. We
thoroughly determine the phase diagram, namely, liquidus,
solidus, and liquid-liquid equilibrium curves. We observe two
polymorphs by video microscopy and we measure their solubil-
ity. We find that the solubility of the chloride-like hexagonal
polymorph is reverse with temperature and the monoclinic is
direct, with solubility curves crossing at 12°C. In this phase
diagram, the LLPS is metastable with respect to the solid-liquid
phase separation.

We characterize the BPTI solutions below and above theTL-L

boundary curves by SAXS and numerical simulation of the form
and structure factors. Above theTL-L boundary, solutions are
composed of a mixture of BPTI monomers and decamers, with
stronger attractive interactions between decamers than between
monomers. Below theTL-L boundary, the dense phase is highly
concentrated in proteins and composed of BPTI decamers alone.
Thus, the driving force for liquid-liquid or liquid-solid phase
separation is the attraction between decamers at low pH.

Moreover, the structure factors of the dense phases are
characteristic of a repulsive dense phase because of a hard sphere
repulsive core, meaning that in the dense phase proteins are

actually in contact (interparticle distance of 53 Å). Finally, we
have shown, in agreement with the Oswald rule of stages, that
LLPS occurs prior to and impedes solid nucleation. Low
diffusivity and repulsive interactions of BPTI decamers in the
dense phase explain this result.

4. Materials and Methods

4.1. Materials. BPTI, commonly used as an anticoagulant
to reduce blood loss during cardiac surgery, was supplied as a
lyophilized powder by Bayer and used as received without
further purification. The purity was checked by molecular
sieving HPLC.35 The necessary quantities of BPTI (6511 Da,
pI ) 10.5) and KSCN were dissolved in pure water (ELGA
UHQ reverse osmosis system) to obtain stock solutions for
phase-separation determination. The different solutions were
buffered with acetic acid to 80 mM, adjusted to pH 4.5 with
NaOH (1 M), and filtered through 0.22µm Millipore filters.
After dissolution of BPTI, the pH was 4.9. The BPTI concentra-
tion (C) was measured by optical density measurements using
an extinction coefficient of 0.786 cm-1 mL mg-1 at 280 nm.18

Throughout this study, the salt concentration was fixed at 350
mM KSCN and the pH at 4.9.

4.2. (C, T) Phase Diagram.BPTI solubilities were deter-
mined at different temperatures by seeding supersaturated
solutions with small BPTI crystallites and by following the
decrease of protein concentration by UV spectrophotometry until
it remained unchanged for at least 2 weeks.

Three methods were used to determine the BPTI liquid-
liquid coexistence curve as a function of temperature, hereafter
also called theTL-L boundary. In the first method, variation in
static light scattering intensity at 90° of BPTI solutions of known
concentrations were recorded as a function of temperature.37,48

The light scattering experimental setup (SEM 633, Sematech-
France) has previously been described elsewhere.49 The ap-
pearance of liquid droplets when temperature was decreased
induced a jump in the scattering intensity, designated asTL-L.
After the L-L phase demixion had occurred, when temperature
was increased aboveTL-L, the cloudiness responsible for the
strong signal peak readily disappeared. In the second method,
several couples (C, TL-L) were verified by optical microscope.
BPTI solutions were placed in a 100-µL quiescent glass vessel
inserted in a thermostated cell under an optical microscope
(Nikon Diaphot) and the droplet temperature equilibrium was
measured.45 Last, BPTI solutions at initial temperatures well
above the coexistence curve were rapidly quenched to a
temperature below their cloud points. Phase separation rapidly
occurred and the solutions underwent a macroscopic gravity-
driven separation into two coexisting phases. In addition, the
solutions (500µL) were centrifuged for 1 h at 10 000 rpm in a
thermostated Eppendorf 5804R centrifuge. The two phases were
separated by a sharp meniscus. The BPTI concentrations,
volumes, and weights of the two phases were measured.

4.3. Small-Angle X-ray Scattering.4.3.1. SAXS Experiments.
X-ray scattering intensities were recorded on the SAXS instru-
ment D24 using the synchrotron radiation emitted by the DCI
storage ring at the Laboratory for Synchrotron Radiation,
L.U.R.E.50-52 The sample-detector distance was 1139 mm and
the X-rays wavelength was 1.488 Å. The intensity curves were
scaled to the transmitted intensity, and the background (i.e. salt-
buffer signal) was subtracted from the scattering curve of BPTI-
salt-buffer mixtures.

With solutions of monodisperse spherical particles in interac-
tion, the total normalized intensityI(c,s), scattered at a scattering
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angle 2θ, can be expressed as a function of the modulus of the
scattering vectors (s ) 2λ-1 sin θ) and of the particle
concentrationc by

I(0,s), the intensity scattered by one particle, is the Fourier
transform of the spherically averaged autocorrelation function
of the electron density contrast associated with the particle,
namely the particle form factor.53 Note that for a polydisperse
solution of two protein oligomers, the total form factor is the
sum of the form factors of the two oligomers, weighted by their
respective quantities.

S(c,s), namely the solution structure factor, reflects interactive
effects due to attractive or repulsive interactions between
particles.54 To extract the experimental structure factor, the form
factor is needed. The structure factor,S(c,s), is the Fourier
transform of the spherically averaged autocorrelation function
g(r) of the particle distribution or pair-distribution function

whereF ) Na/M is the particle number density,c is the particle
concentration (g/cm3), and r is the interparticle distance. The
structure factor at thes-origin, S(c,0), is proportional to
compressibility. With repulsive interactions, the particles are
evenly distributed andS(c,0) is lower than 1, whereas with
attractive interactions, fluctuations in the particle distribution
are observed, leading to aS(c,0) value larger than 1.

4.3.2. Simulation Procedures. 4.3.2.1. Form Factors.In a
binary mixture of BPTI monomers and decamers, the experi-
mental scattering curves were systematically fitted by a linear
combination of monomers and decamers as described by
Hamiaux.33 Calculated form factors for BPTI monomer and
decamer were obtained using the CRYSOL program55 from a
set of crystallographic coordinates (PDB entry 1BHC34). At very
low scattering vectors, (s < 0.02 Å-1), interparticle interactions
may perturb the scattering intensity and affect the form factor.
To minimize this effect, we decided to only consider the
scattering vector range from 0.02 to 0.035 Å-1. The fitting curve
procedure was performed using an IDL program (Research
systems). For every linear combination, the fit residualø2 was
calculated, according to the following equation

whereN is the total number of experimental points,y is the
experimental value,yj the corresponding simulated value, and
σj the experimental error. The best fit corresponds to the smallest
ø2, and in every case, the plot of residuals, namely, the
normalized difference between the experimental curve and the
fit, was generated to monitor visually the accuracy of the fit.

Two parameters were taken into account for the fitting
procedure: the protein concentration (the sum of the mass
coefficients attributed to monomer and decamer form factors)
and the percentage of decamers.

4.3.2.2. Structure Factors.In this paper, we focus on the
structure factors above and below theTL-L boundary curve. In
the case of monodisperse BPTI solutions, structure factors were
calculated from the Fourier transform and integrals of the pair
distribution functiong(r), using the one-component model.56

In this model, the monodisperse particles interact via a screened
Coulombic potential, the counterions and salt ions acting only
implicitly through the screening constant. In a binary mixture

of BPTI monomers and decamers, partial structure factors and
pair distribution functiongi,j(r) must be calculated using a two-
component model.57 In the latter, the monomers, the decamers,
and the ions, which interact through the Coulombic potentials,
are explicitly taken into account. The total scattered intensity
of the solution can therefore be written as

where the subscript m and d refer to the BPTI monomers and
decamers andCi is the particle concentration. The calculation
of g(r) andgi,j(r) was based on the Ornstein-Zernike equation
and the hypernetted chain integral equation and used an iterative
method developed by Belloni.56,58The DLVO potential was used
as previously described.59
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