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ABSTRACT: In this work, the effects of the two anions Cl−

and NO3
− on the phase behavior of bovine serum albumin

(BSA) in solution with trivalent salts are compared system-
atically. In the presence of trivalent metal salts, negatively
charged proteins such as BSA in solution undergo a reentrant
condensation (RC) phase behavior, which has been
established for several proteins with chlorides of trivalent
salts. Here, we show that replacing Cl− by NO3

− leads to a
marked change in the phase behavior. The effect is
investigated for the two different cations Y3+ and La3+. The
salts are thus YCl3, Y(NO3)3, LaCl3, and La(NO3)3. The experimental phase behavior shows that while the chloride salts induce
both liquid−liquid phase separation (LLPS) and RC, the nitrate salts also induce LLPS, but RC becomes partial with La(NO3)3
and disappears with Y(NO3)3. The observed phase behavior is rationalized by effective protein−protein interactions which
are characterized using small-angle X-ray scattering. The results based on the reduced second virial coefficients B2/B2

HS and
1/I(q → 0) demonstrate that the NO3

− salts induce a stronger attraction than the Cl− salts. Overall, the effective attraction, the
width of the condensed regime in the RC phase diagram, and the nature of LLPS follow the order LaCl3 < YCl3 < La(NO3)3 <
Y(NO3)3. Despite the decisive role of cations in RC phase behavior, isothermal titration calorimetry measurements indicate that
replacing anions does not significantly influence the cation binding to proteins. The experimental results observed are discussed
based on an “enhanced Hofmeister effect” including electrostatic and hydrophobic interactions between protein−cation
complexes.

■ INTRODUCTION

The complex interactions between proteins in solution, which
lead to a diversified phase behavior, are essential for
understanding the physical mechanisms of protein crystal-
lization, protein-condensation-related diseases, and phase
transitions in the cell, as well as in pharmaceutical industry.1−9

Proteins are often modeled as small colloidal particles in
terms of effective interactions. However, globular proteins
typically have both positive and negative charges, complex
charge patterns, and hydrophobic patches on the surface,
which make effective interactions highly sensitive to environ-
mental parameters.2,10−22 One such parameter is the
concentration of trivalent salts which have been demonstrated
in recent studies to be very efficient in tuning interactions in
protein solutions, and an interesting phase behavior has been
reported including reentrant condensation (RC),23−27 meta-
stable liquid−liquid phase separation (LLPS),25,28−32 crystal-
lization,25,28,30,33−36 gelation via arrested phase separation, and
cluster formation.30,37−39

RC describes a typical phase behavior of protein solutions in
the presence of multivalent salts: negatively charged proteins
such as bovine serum albumin (BSA) in solution in the
presence of trivalent salts, such as YCl3, Y(NO3)3, LaCl3, and
La(NO3)3, form a condensed regime in between two critical
salt concentrations c* < c**.23−25 The physical mechanism of
RC has been demonstrated to be charge inversion of proteins
due to cation binding to the carboxyl groups on the protein
surface.24,26 So far, it has been shown that the RC phase
behavior can be manipulated by the type of cations, the solvent
isotope (H2O vs D2O), as well as the ionic strength of
additional co-salts.24,27,31,40

Here, we show that the RC behavior is also remarkably
sensitive to the trivalent salt anion. Previous studies have
shown that the change from NaCl to NaNO3 has a rather weak
effect on BSA in solution even at very high NaCl or NaNO3
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concentrations.41,42 According to the Hofmeister series,43−45

the effect of anions on protein solubility follows the trend
citrate3− > SO4

2− > PO4H
2− > F− > CH3COO

− > Cl− > Br− ≈
NO3

− > I− > ClO4
− > SCN−. The anion Cl− is the most

neutral one in terms of affinity to proteins and NO3
− has a

slightly higher protein affinity. In terms of destabilization of
protein solutions, Cl− is slightly stronger than NO3

−.15,45 It is
thus surprising to see that in the presence of a strong cation,
which governs the phase behavior, these anions play an
important role. The goal of this work is to present these
surprisingly strong effects of monovalent anions by performing
a systematic study and comparing the phase behavior of BSA in
solution in the presence of four different trivalent salts. The
possible mechanisms are discussed based on an enhanced
Hofmeister effect.

■ EXPERIMENTAL SECTION

Materials and Sample Preparation. BSA (product no.
A7906), LaCl3 (product no. 298182), YCl3 (product no.
451363), La(NO3)3 (product no. 203548, hexahydrate), and
Y(NO3)3 (product no. 237957, hexahydrate) were purchased
from Sigma-Aldrich and used as received. For the stock
solutions, protein and salt were dissolved in degassed Milli-Q
H2O (18.2 MΩ cm conductivity). No buffer was used to avoid
the effect of other co-ions. BSA has a molecular mass of 66.5
kDa and an isoelectric point of pI = 4.6. All experiments were
performed at room temperature (23 ± 2 °C).
Concentrations of protein stock solutions were determined

by measuring the absorbance at 280 nm using a Cary 50 UV−
vis spectrophotometer (Varian Inc.) with the software Cary
WinUV. The extinction coefficient of BSA is E280 = 0.667 mL/
(mg cm).46

Isothermal titration calorimetry (ITC) was used to check the
effect of anions on the binding of cations to the protein. The
measurements were performed with a MicroCal iTC200
instrument from Malvern Panalytical. A salt solution with a
concentration cs of 0.8 mM was titrated with 60 injections into
a protein solution with a concentration cp of 1.0 mg/mL (15
μM) at 24 °C to cover a molar ratio cs/cp up to 8. Titration of
salt solution into pure water was performed under the same
conditions. This measurement was used as a background for
the correction of sample measurements.

Fourier transform infrared spectroscopy (FTIR) and circular
dichroism (CD) were used to monitor the stability of the
secondary protein structure in the presence of trivalent salts.
An IFS 48 instrument and a VERTEX 70 instrument, both
from Bruker, were used for FTIR measurements. CD
measurements were performed using a J-720 spectrophotom-
eter from JASCO Inc. For FTIR measurements, the samples
were dissolved in D2O with a protein concentration of about
20 mg/mL (0.30 mM). The samples for CD measurements
were prepared in H2O with a protein concentration of about
0.20 mg/mL (0.30 μM).

SAXS and Data Analysis. Small-angle X-ray scattering
(SAXS) was employed to explore the effective protein−protein
interactions in the solutions. The SAXS experiments were
performed at beamline ID02 at ESRF, Grenoble, France, under
the conditions that are explained in ref 31. In addition to the
experimental procedure outlined there, details on beamline, q-
resolution, calibration, and data reduction can be found in
refs.47−50

The SAXS data were analyzed using the same method as in
ref 31. The data were fitted using the sticky hard sphere model
which was introduced by Baxter51 and for particles with radius
R reads
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where β is equal to 1/kBT, τ is the stickiness parameter, and Δ
is the width of the square well. The structure factor was
calculated from a pertubative solution of the Percus−Yevick
closure relation.51,52

In the limit Δ → 0, which is used here, the reduced second
virial coefficient is given by

B
B

lim 1
1

40

2

2
HS τ

= −
Δ→ (2)

To obtain the reduced second virial coefficient, B2 is divided
by the second virial coefficient for hard spheres of radius R,
which is given by B2

HS = 16πR3/3. For various systems, theory

Figure 1. Experimental phase and state diagrams at room temperature for BSA with YCl3 and LaCl3 (a), with La(NO3)3 (b), and with Y(NO3)3
(c). For BSA with La(NO3)3 (b), above 30 mg/mL (0.45 mM) of BSA, RC disappears. The samples that show LLPS either have a clear (white
circles) or a turbid (filled yellow circles) dense liquid phase.
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and computer simulation propose a universal value of B2/B2
HS

≈ −1.5 at the critical point of the gas−liquid transition.29,53,54

Prior to SAXS measurements, the samples were centrifuged.
Only the supernatant was measured. The protein concen-
tration in the supernatant was determined by UV−vis
spectroscopy. The volume fraction in the SAXS data fit was
then fixed to the corresponding value, using a value of 0.733
mL/g for the specific volume of BSA.55 The axes ra (axis of
rotation) and rb of the ellipsoid were fixed to 18 and 61 Å,
respectively.31 The scattering length density (SLD) of the
ellipsoid was fixed to 1.24 × 10−5 Å−2. The background was set
to an appropriate value for each curve. Moreover, Δ was fixed
to 0.01σ in order to avoid artificial coupling with τ. The
remaining two parameters, the SLD of the solvent and the
stickiness parameter τ, were fitted. All data fitting was
performed using IGOR Pro with macros provided by National
Institute of Standards and Technology.56

■ RESULTS AND DISCUSSION
Phase Behavior of BSA with YCl3, Y(NO3)3, LaCl3, and

La(NO3)3. We first discuss the experimental phase diagram of
BSA with the four salts at room temperature. Samples with
protein concentrations up to 150 mg/mL (2.26 mM) and salt
concentrations up to 50 mM were prepared. c* and c** can be
determined either by visual inspection or by UV−vis
transmission measurements as described in refs 23 and 31.
Consistent with refs,23,31,32 Figure 1a shows the phase
diagrams of BSA with the two chloride salts. The two cations,
Y3+ and La3+, lead to comparable c* values, indicating a mainly
electrostatic effect below c*, that is, the added trivalent salts
neutralize the negative surface charges of proteins. With Y3+

c** shifts to higher values and regime II is broadened
compared to La3+. In addition, at room temperature, LLPS
exists in a closed region inside of regime II with YCl3 (lighter
elliptic region in the YCl3 phase diagram) but not with LaCl3.
The orange squares in the YCl3 phase diagram mark the cs and
cp concentrations in the dilute phase of phase-separated
samples. In order to not overload the figure, the concentrations
in the dense phase are not shown. In solutions with LaCl3,
even though there is no LLPS at room temperature, it occurs at
higher temperatures. Therefore, both systems exhibit a lower
critical solution temperature (LCST) phase behavior.
Figure 1b shows the state diagram for BSA in solution with

La(NO3)3. Comparing this diagram with LaCl3 in Figure 1a, it
is obvious that replacing the anion Cl− by NO3

− leads to a
significant change of the phase behavior. Although c* is still
nearly the same, c** is significantly shifted upward, resulting in
a broadened regime II when La(NO3)3 is used instead of
LaCl3. At high protein concentrations, this broadening effect
leads to the disappearance of c**. The RC phase behavior
with La(NO3)3 only exists for protein concentrations below
30 mg/mL (0.45 mM). Starting from 30 mg/mL, all samples
with cs higher than c* are turbid. Starting from 50 mg/mL
(0.75 mM) of BSA, the samples show LCST−LLPS. The
dense liquid phase is either clear (white circles in Figure 1b) or
turbid (yellow circles in Figure 1b). This incomplete RC
behavior is also found by monitoring the protein concentration
in the supernatant after centrifugation by UV−vis spectroscopy
(Figure S1 in the Supporting Information). Generally, for a
fixed initial protein concentration, the protein concentration in
the supernatant first decreases with increasing salt concen-
tration and after reaching a minimum increase again. For a
complete RC phase behavior, the protein concentration should

return to its initial concentration in regime III. For samples
with an initial BSA concentration above 50 mg/mL (0.75
mM), the protein concentrations in the supernatants do not go
back to the initial value after reaching the minimum, indicating
the absence of regime III, which is consistent with the findings
presented in Figure 1b. Overall, based on the findings for YCl3,
LaCl3, and La(NO3)3 (Figure 1), one can conclude that the
change in phase behavior with La(NO3)3 is due to a stronger
effective attraction between proteins when Cl− is replaced by
NO3

−.
For BSA solutions with Y(NO3)3, no RC behavior is found

any longer as no c** can be identified under the current
experimental conditions (Figure 1c). LLPS, however, is still
observed in solutions with BSA and Y(NO3)3. The dense
phases with Y(NO3)3 are all turbid. At very high salt
concentration (at 50 mM and at low protein concentrations
also slightly below), there is a strong whitish aggregation with
Y(NO3)3. Following the results presented in Figure 1, the
phase behavior of BSA with Y(NO3)3 can be rationalized by
the effective attraction in this system above c* being too strong
to observe c**.
The effective protein−protein interaction strength manifests

itself in the RC and LLPS phase behavior. Table 1 summarizes

the existence and absence of RC and LLPS with all the four
salts. Overall, the width of the condensed regime II and
therefore the strength of the effective attraction follows the
order LaCl < 3YCl3 < La(NO3)3 < Y(NO3)3.

Stability of Protein Structure. Using FTIR spectroscopy
and CD, the conservation of particularly the secondary protein
structure was investigated in the presence of the added
trivalent salts. For FTIR, the samples were prepared in D2O
with BSA concentrations of about 20 mg/mL (0.30 mM). For
CD, the samples were prepared in H2O with a low cp around
0.20 mg/mL (3.0 μM). With chloride salts, the secondary
structure of the proteins is conserved.24 Representative FTIR
and CD spectra of BSA solutions with La(NO3)3 are presented
in Figure 2. The protein and salt concentrations cp and cs of the
samples and the ratios between cs and cp are given in Table 2.
The FTIR spectra in Figure 2a are normalized by the peak
intensity of the amide-I band at 1650 cm−1. The curves show
no dramatic changes up to a La(NO3)3 concentration of 50
mM, which is the highest concentration used to prepare the
samples for the phase and state diagrams in Figure 1. CD
measurements (Figure 2b) were performed at the BSA
concentrations of 0.20 and 0.15 mg/mL (3.0 and 2.3 μM).
In order to compare the CD measurements to the FTIR
measurements, it is useful to consider the cs/cp ratio which is
listed in Table 2. Overall, neither the FTIR nor the CD
measurements for BSA with La(NO3)3 show dramatic changes
up to a cs/cp value of 170. Figures S2 and S3 in the Supporting
Information show the results for BSA with Y(NO3)3. A change
in the secondary structure also occurs only at high cs/cp.

Table 1. Phase Behavior Overview of BSA with Four
Different Trivalent Salts at Room Temperaturea

YCl3 Y(NO3)3 LaCl3 La(NO3)3

RC + + ⊕
LLPS + + +

a⊕ indicates that the phenomenon only occurs at low protein
concentrations under the current experimental conditions.
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Therefore, under the experimental conditions in Figure 1,
proteins are stable and their secondary structure is preserved.
Effects of Anions on Cation Binding Characterized by

ITC. ITC was used to characterize the effect of anions on
cation binding to BSA. The direct result of an ITC
measurement is the heat flow due to the binding process.
Figure 3 shows the results for BSA with both pairs of salts. The
overall heat flow is positive for all measurements, which means
that the cation binding is an endothermic and thus an entropy-
driven process.32 For both cations, the ITC spectra with the
two different anions overlap within the experimental error. The
integral total binding enthalpy ΔH values are 27 ± 2 and 22 ±
2 kcal/mol for yttrium and lanthanum salts, respectively. This
result suggests that the replacing of anions does not
significantly influence the cation binding process to BSA itself.
Effective Protein−Protein Interactions Characterized

by SAXS. Representative SAXS data with model fitting for
samples with 85 mg/mL (1.28 mM) of BSA are presented in
Figure 4. At low salt concentrations, the effective protein−
protein interactions are dominated by electrostatic repulsion. A
strong correlation peak is visible in the SAXS profiles. In this
region of the phase diagram (regime I), the solutions are clear.
By increasing the salt concentration, the low q intensity

increases, indicating the reduction of repulsion. By further
increasing the salt concentration, the interactions become
attractive, and the low q intensity reaches a maximum at about
9−10 mM La(NO3)3 (Figure 4a). For cs in the range between
10 and 20 mM, the low q intensity decreases (Figure 4b) and
then increases again up to 50 mM (Figure 4c).
Starting from 6 mM La(NO3)3, the SAXS data were fitted

using an ellipsoid form factor combined with a sticky hard
sphere potential.51 In Figure 4, the fits are superimposed on
the data as solid black lines. The resulting B2/B2

HS values are
shown in Figure 5a and the inverse of the intensities at low q,
1/I(q → 0), is shown in Figure 5b. The data are compared to
the results for BSA with LaCl3 and BSA with YCl3.

31,57

The B2/B2
HS curves first decrease sharply in a similar manner

for all the three salts. Then, after reaching a minimum, the
B2/B2

HS curves increase again but with a trend strongly
depending on the salt. The steepness of this increase decreases
from LaCl3 to YCl3 to La(NO3)3. In the case of La(NO3)3, the
values remain almost constant. This explains the absence of
c** at high protein concentrations. The values of B2/B2

HS for
BSA with LaCl3 are the highest and the ones with La(NO3)3
are the lowest, in good agreement with the phase behavior in
Figure 1. These results of B2/B2

HS in Figure 5a clearly show that
replacing Cl− by NO3

− enhances the effective attractions
between BSA molecules.
We suppose that the reason for the nonsymmetric change is

the screening effect of the co-ion, Cl− or NO3
−. The increasing

amount of co-ions screens the effective surface charge of the
proteins. Fujihara and Akiyama studied the attractive
interaction between macroanions mediated by divalent cations
and observed a similar asymmetric trend of the effective
interaction potential as a function of cation concentration.58,59

The stronger effective attraction which is thought to be due to
the higher protein affinity of NO3

− leads to a stronger
asymmetry with La(NO3)3 than with LaCl3 or YCl3.

Figure 2. Protein stability in the presence of La(NO3)3 monitored by
FTIR and CD. Further details on protein and salt concentrations and
the ratio between them can be found in Table 2. (a) FTIR
measurements for 20 mg/mL (0.30 mM) BSA with different
La(NO3)3 concentrations. The spectra were normalized by the peak
value at 1650 cm−1. (b) CD measurements for 0.20 and 0.15 mg/mL
BSA with different La(NO3)3 concentrations. Both FTIR and CD
show that for BSA with La(NO3)3, the secondary structure is
conserved up to high La(NO3)3 concentrations.

Table 2. Protein and Salt Concentrations and the Ratio
between Them for the FTIR and CD Measurements

FTIR 0 0.2 5 20 50 100 cs (mM)
20 20 20 20 20 20 cp (mg/mL)
0 0.67 17 67 170 330 cs/cp

CD 0 10 30 100 200 375 cs (μM)
0.20 0.20 0.20 0.20 0.20 0.15 cp (mg/mL)
0 3.3 10 33 67 170 cs/cp

Figure 3. ITC spectra for cation binding to BSA. (a) LaCl3 and
La(NO3)3 and (b) YCl3 and Y(NO3)3. Salt solutions of 0.8 mM were
titrated into a solution of 1.0 mg/mL (15 μM) of BSA.
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Without imposing any model, the scattering at low q,
I(q → 0), as a function of cs/cp (Figure 5b) shows the same
trends of the effective interaction as B2/B2

HS does. In the rest of
this section, I(q → 0) is abbreviated as I(0) for simplicity. It is
related to compressibility χT

60

I S q k T(0) ( 0) B Tρχ∝ → = (3)

The compressibility χT diverges at the spinodal line.
60 When

the coexisting densities differ hardly, the binodal line is close to
the spinodal line. In this case, χT becomes large and 1/I(0)
becomes small. In addition, the virial expansion gives4,60

S q B1/ ( 0) 1 2 . . .2ρ→ = + + (4)

Without LLPS, the protein concentration cp ∝ ρ in the
measured dilute phase remains constant, which means that
1/I(0) follows the trend of B2/B2

HS. When LLPS occurs, the
variation of cp in the measured dilute phase leads to the
difference between the 1/I(0) curve and the B2/B2

HS curve.
Note that because of the phase equilibrium, the B2/B2

HS value is
the same in the corresponding dense and dilute phases.54,61,62

The experimental results on the microscopic interactions
reflect the macroscopic phase behavior and vice versa. This can
be seen by comparing 1/I(0) in Figure 5b with the RC and
LLPS phase behavior shown in Figure 1. For samples with
LaCl3, without LLPS binodal, 1/I(0) decreases and then
increases and follows the trends of B2/B2

HS. For samples with
YCl3 and La(NO3)3, the existence of the LLPS binodal changes
the behavior of 1/I(0). In the LLPS region, there is an
additional increase and decrease. Close to the critical points of
LLPS 1/I(0) is minimal, as there the compressibility diverges.
Note that for La(NO3)3, the LLPS region extends up to cs/cp ≥
40. Apart from this additional increase and decrease, 1/I(0)
follows the trends of B2/B2

HS.
Discussion on the Role of Anions on the Phase

Behavior. The strong effects of the anions on the reentrant
phase behavior in protein solutions deserve further discussion.
The RC phase behavior in protein solutions induced by
trivalent salts has been explained by the effective charge
inversion of proteins.23−25 Thus, the cation binding and
bridging has been considered as the main source of attraction.
In fact, an ion-activated patchy colloid model has been
proposed to rationalize the experimental results.63 Therefore,
an intuitive assumption would be that replacing Cl− by NO3

−

leads to an enhanced cation binding affinity. However, the ITC
curves (Figure 3) are essentially the same for both anions used,
indicating no difference in the cation binding process. This
leads to the assumption that the increasing attraction is due to
the anion effects on the protein−cation complex. The effective
interactions between the complexes may include electrostatic
interactions (binding and other nonspecific interactions via
charged surface residues) and hydrophobic interactions. Thus,
the results suggest that this overall effect is sensitive to the
protein affinity of the anions.
In the Hofmeister series, the anions Cl− and NO3

− are close
to each other, and Cl− has been considered a rather weak or
neutral anion in terms of its affinity to proteins. NO3

− has a
slightly stronger affinity to the protein surface according to the
Hofmeister series.45 We suppose that by increasing the
trivalent salt concentration, more cations bind and turn the
protein−cation complex positive, and the stronger affinity of
NO3

− to the protein surface decreases the surface charge of the
protein more strongly than Cl− does. Consequently, the
samples remain in an aggregated state because of a stronger
effective attraction.
Another possible contribution to this experimental observa-

tion could be the complex formation of cations with anions,
which competes with the binding of the cation to the carboxyl
groups on the protein surface. However, studies have shown
that the anion−rare earth element complex formation becomes
important only at very high salt concentrations above 0.5

Figure 4. SAXS data with model fits for samples with 85 mg/mL
(1.28 mM) of BSA and different concentrations of La(NO3)3. (a)
Approaching c* and slightly above c*, the scattering intensity at low q
increases with increasing salt concentration. Starting from 6 mM
La(NO3)3, the data were fitted using a sticky hard sphere potential
(solid black lines). (b) Starting from 10 mM, the samples phase-
separated. The scattering intensity at low q decreases. (c) Still in the
phase separation regime, which extends up to 50 mM for La(NO3)3,
the scattering intensity at low q increases again.

Figure 5. (a) Reduced second virial coefficients, B2/B2
HS, calculated

from the SAXS data analysis for cs ≥ c*. Filled symbols indicate
samples exhibiting LLPS. Dashed lines are guides to the eye. (b)
Inverse scattering intensity at q → 0 (mean of the first three to five
data points) from the full SAXS data set.
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M.64−66 Therefore, the effects of complex formation should be
rather weak under the current experimental conditions.
Normally, Hofmeister effects become important at salt

concentrations well above 100 mM.43−45 In the work
presented here, the anions show significant effects on
interactions (Figure 5) and phase behavior already at
concentrations below 100 mM (Figure 1). Understanding
these enhanced Hofmeister effects needs further insights into
the anion−protein interactions on the molecular level. Fox et
al., for example, studied interactions between Hofmeister
anions and a binding pocket of a Zn2+ cofactor protein.67 Their
results indicate that the Hofmeister anions form inner sphere
ion pairs with the protein. Importantly, they found that the
association of anions with Zn2+ in the binding pocket of a
protein leads to rearrangement of water up to a few layers (8
Å) away from the anion surfaces, indicating a strong entropic
effect. Furthermore, this study reveals another important
difference between Cl− and NO3

−;67 that is, although the
binding free energy only slightly decreases from Cl− to NO3

−,
the contributions from enthalpy and entropy are markedly
different between these two anions. The monoatomic anion
Cl− causes a small entropy change upon binding, whereas
NO3

− induces a strong entropy change upon binding.
Therefore, the enthalpy change has to be even stronger to
compensate for the entropy loss. How exactly these differences
between anions modify the protein interactions in the presence
of trivalent cations is still an open question, which requires
studies on the atomic level at the binding sites for both cations
and anions.

■ CONCLUSIONS
In summary, we have characterized the RC phase behavior and
effective interactions in protein solutions in the presence of
trivalent salts focusing on the effects of the anions Cl− versus
NO3

−. We found that replacing Cl− by NO3
− leads to a

significantly enhanced effective attraction. This enhanced
attraction manifests itself at low protein concentrations in a
broadening and, at high protein concentrations, in the
disappearance of regime II. Overall, the width of the
condensed regime II and hence also the strength of the
effective attraction follows the order LaCl3 < YCl3 < La(NO3)3
< Y(NO3)3. Both chloride salts show RC. At room temper-
ature, LLPS is present with YCl3 but not with LaCl3 because of
a stronger effective attraction with YCl3. With both nitrate salts
the effective attraction is strong enough to induce LLPS.
Partial RC is found with La(NO3)3 and no RC is found with
Y(NO3)3 because of a stronger effective attraction with the
nitrate salts.
This strong effect of anions is further supported by the

effective protein−protein interactions characterized by SAXS.
Using a sticky hard sphere model, the attractive interactions
are quantitatively described by the reduced second virial
coefficient, B2/B2

HS. In addition, 1/I(q → 0) as a function of
cs/cp provides a qualitative description of interaction,
compressibility, and LLPS. The results demonstrate that the
nitrate salts induce a stronger effective attraction than the
chloride salts, which explains the observed phase behavior.
FTIR and CD measurements demonstrate that the protein

structures are conserved under the experimental conditions.
Therefore, significant effects of partial protein unfolding can be
ruled out. In contrast to the marked changes in phase behavior
and effective protein−protein interactions characterized by
SAXS, the protein−cation binding profiles recorded by ITC

indicate that replacing Cl− by NO3
− has no significant impact

on the cation binding process. The strong anion effect may
thus be explained by an enhanced Hofmeister effect. The
stronger protein affinity of NO3

− compared to Cl− influences
the charge state of the proteins and results in an enhanced
attraction between the protein−cation complexes.
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