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Recent experiments have reported lower critical solution temperature (LCST) phase behavior of
aqueous solutions of proteins induced by multivalent ions, where the solution phase separates upon
heating. This phenomenon is linked to complex hydration effects that result in a net entropy gain
upon phase separation. To decipher the underlying molecular mechanism, we use all-atom molecular
dynamics simulations along with the two-phase thermodynamic method for entropy calculation.
Based on simulations of a single BSA protein in various salt solutions (NaCl, CaCl2, MgCl2, and
YCl3) at temperatures (T ) ranging 283–323 K, we find that the cation–protein binding affinity
increases with T , reflecting its thermodynamic driving force to be entropic in origin. We show
that in the cation binding process, many tightly bound water molecules from the solvation shells
of a cation and the protein are released to the bulk, resulting in entropy gain. To rationalize the
LCST behavior, we calculate the ζ -potential that shows charge inversion of the protein for solutions
containing multivalent ions. The ζ -potential increases with T . Performing simulations of two BSA
proteins, we demonstrate that the protein–protein binding is mediated by multiple cation bridges and
involves similar dehydration effects that cause a large entropy gain which more than compensates
for rotational and translational entropy losses of the proteins. Thus, the LCST behavior is entropy-
driven, but the associated solvation effects are markedly different from hydrophobic hydration. Our
findings have direct implications for tuning the phase behavior of biological and soft-matter systems,
e.g., protein condensation and crystallization.

Introduction
Ions play an important role in many biophysical processes, e.g.,
allosteric regulation, enzymatic activity, DNA condensation, and
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protein solubility and crystallization. Starting from the pioneer-
ing works by Hofmeister, there has been immense progress made
to better understand ion–protein interactions.1,2 In recent years,
due to various applications in biology, medicine and physics, there
is increasing interest to tune and control the phase behavior of
protein solutions using multivalent ions.3 Diverse phenomena
induced by multivalent ions have been realized in experiments.
These include: (i) reentrant condensation of proteins in bulk so-
lution4 as well as reentrant surface-adsorption of proteins5 by
varying the concentration of Y3+ or other trivalent cations, (ii)
pathway-controlled protein crystallization,6 (iii) clustering,7 (iv)
liquid–liquid phase separation,7,8 and (v) lower critical solution
temperature (LCST) phase behavior.9 Although many aspects re-
garding ion–protein interactions have been qualitatively under-
stood, a fundamental and quantitative understanding is required
for further developments in this field.

Of particular interest is the LCST phase behavior for a solution
of bovine serum albumin (BSA) proteins in the presence of Y3+

ions.9 At low temperatures, the proteins remain well dispersed
in solution, whereas upon increasing temperature up to 300 K,
the proteins attract each other, and the solution separates into
protein-rich and protein-poor phases. We note that aggregation
of proteins can also be caused by thermal denaturation, but in
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the experiments Matsarskaia et al.9 stayed well below the protein
denaturation temperature and observed LCST behavior only for
solutions containing trivalent ions.10 This precludes denaturation
as a mechanism and suggests that the LCST behavior is related to
ion-mediated protein aggregation.

It has been suggested that the LCST behavior is due to the
combination of effects associated with the solvation of the pro-
tein and the multivalent ions, and that entropy is the driving
force.9 However, the molecular mechanism of the LCST behavior
has not been quantitatively identified. A quantitative understand-
ing of the thermodynamics of this process requires an accurate
estimation of various entropy contributions associated with the
ion–protein complex formation and the subsequent ion-mediated
protein–protein aggregation. The total entropy change includes
entropy costs due to (i) hindrance in the translation of a protein-
bound ion, (ii) restrictions on the translational and rotational mo-
tions of proteins, (iii) hydration/dehydration of the protein and
ions, and (iv) conformational changes of the protein. The latter is
mainly important for metalloregulatory allosteric proteins. Quan-
tifying all these entropy contributions in experiments remains a
daunting task, even with the present-day techniques that provide
residue-level dynamic information.11 In this regard, molecular
simulations12,13 along with accurate and robust entropy calcula-
tion techniques provide an alternative and reliable approach.

To understand the mechanistic details and the thermody-
namic driving force for the intriguing phenomena related to ion-
mediated protein–protein interactions, we have performed large-
scale molecular dynamics (MD) simulations of a single and two
BSA proteins in chloride salt solutions of Y3+ and several other
cations found in physiological conditions, such as Na+, Ca2+, and
Mg2+ in the temperature range of 283–323 K. The simulation de-
tails are presented in the Methods section. A snapshot of the ini-
tial configuration of the simulated single-protein system is shown
in Figure 1A. We investigate the specific nature of ion–protein in-
teractions and quantify the free energy, various entropy contribu-
tions as well as electrostatics of the system. Our study reveals cru-
cial solvation/desolvation phenomena giving rise to an entropic
driving force for ion–protein binding, in contrast to common ex-
pectations. From simulations of the systems involving two BSA
proteins, it is found that Y3+ ions link the two proteins to form a
dimer. Hence, the process of ion-mediated protein-protein bind-
ing is argued to be entropy-driven, as a large number of tightly
bound water molecules are released from the proteins and the
mediating cations’ surfaces to the bulk solution.

Results

BSA Protein–Ion Interaction and Ion Binding Kinetics

To investigate the nature of ion–protein interactions, we calculate
the number distribution of ions N(r) along the protein’s surface-
normal direction. N(r) for the cations are shown in Figure 1B,
while N(r) for Cl− ion for the different ionic solutions are plot-
ted in Figure S1 in the supporting information (SI). We find that
cations are mostly present near the protein, with the relative
propensity of binding showing the following trend: monovalent
< divalent < trivalent. These cations predominantly pair with
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Fig. 1 (A) Snapshot for the starting simulation box (of size
13.2×13.2×13.1 nm3) containing a single BSA protein in 30 mM YCl3
solution. The protein (orange) is shown in cartoon representation. Y3+

(blue) and Cl− (red) ions are represented as VDW spheres. Water
molecules are represented as a continuum in semi-transparent mode for
clarity. Note that the system was also simulated in other salt solutions
(MgCl2, CaCl2, and NaCl) of the same ionic strength as in the case of
YCl3. (B) For each type of cation, the total number of cations N found
within shells of width dr = 0.1 Å, present at a shortest distance r from the
protein surface, is plotted as a function of r for the simulation performed
at 303 K. N(r) for each cation type is averaged over the last 100 ns of
the simulation time. Note that N(r) is enhanced near the protein sur-
face, representing the strong affinity of cations for the negatively charged
protein (−16 e at pH 7).

the negatively charged carboxylate groups of aspartate and gluta-
mate surface residues of the protein. Interestingly, even in NaCl
solution, Cl− ions are found to be largely present near the protein,
and the number of Cl− ions present near the protein decreases in
the following order: YCl3 > MgCl2 ≈ CaCl2 > NaCl (Figure S1 in
the SI). This suggests that Cl− ions interact with the –NH+

3 group
of the protein surface residues, and also interact, via ion-pair for-
mation, with the cations present in the vicinity of the protein.

A protein surface is, however, far from uniform and if some ex-
tended patches are present on its surface, strong affinity of mul-
tivalent ions is expected even if the net charge of the protein is
small or even of the opposite sign.14 We indeed find a positively
charged patch and a few extended negatively charged patches
from the electrostatic potential map for BSA (Figure S2A in the
SI). We find higher density of cations (anions) near negatively
(positively) charged patches even for monovalent ions (Figure
S2B,C in the SI).

To check how tightly the cations are bound to the protein, we
monitor their binding/unbinding kinetics. An ion is defined as
bound if it is within a cutoff distance rc from any atom of the pro-
tein, otherwise the ion is unbound or free. From the N(r) plot in
Figure 1B, rc

′s for the different cations are chosen as 2.8 Å (Na+),
2.7 Å (Ca2+), 2.3 Å (Mg2+), and 2.5 Å (Y3+). We find intermit-
tent binding/unbinding events for both Na+ and Ca2+ ions (Fig-
ure S3 in the SI). While the binding/unbinding events for Na+

ions are frequent, prolonged bindings are observed for Ca2+ ions.
For these two cation types, the binding time, i.e., the duration for
which an ion remains bound once it comes within distance of rc

from the protein, is broadly distributed, owing to the surface het-
erogeneity of the protein. In contrast, only one unbinding event is
observed for Mg2+ within 1.27 µs, whereas no unbinding of Y3+

is seen within 1.45 µs (Figure S3 in the SI). As the water escape
time in the first solvation shell of Mg2+ is ∼1.5 µs,15 it presum-
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Fig. 2 Time series of the total number of protein-bound cations (NbI) at
several temperatures for Na+ (A), Ca2+ (B), Mg2+ (C) and Y3+ (D) ions.
For the multivalent cations, NbI increases upon increasing temperature.

ably requires very long simulations (100 µs to 10 ms) to obtain
sufficient unbinding statistics for Mg2+ and Y3+ ions. Performing
such long, all-atom simulations for our system is out of reach of
our computational capabilities.

For each cation type, the total number of protein-bound
cations, NbI , is plotted as a function of the simulation time at three
different temperatures in Figure 2. No ion is bound to the pro-
tein at the beginning of a simulation, and NbI gradually increases
with the simulation time. NbI eventually reaches a saturation
value, at a time required for equilibration of the ion distribution
around the protein. This ion equilibration time differs for each
cation, which can be rationalized by considering the ion–water
exchange kinetics that strongly depends on the cation’s charge
and size.15 Counterintuitively, we find from Figure 2 that NbI in-
creases with increasing temperature. This effect is prominent for
all the cations, except Na+. In contrast, the number of protein-
bound water, i.e., the total number of water molecules present
within 3 Å from the protein surface decreases with the increase
in temperature as expected (Figure S4 in the SI). Although an
increase in the binding affinity of any two objects by raising the
temperature is not new—e.g., hydrophobic interaction strength
increases with temperature,16 it is surprising to be observed in
a system involving strong electrostatic interactions and can be
rationalized by the temperature dependence of dielectric and hy-
dration effects.17,18 For a quantitative understanding of this, we
calculate various thermodynamic quantities such as the free en-
ergy, enthalpy, and various entropy contributions as discussed be-
low.

Thermodynamics of Cation Binding to the Protein
The free energy of a cation binding to the protein, ∆Gb, for tem-
peratures in the range of 283–323 K is shown in Figure 3A (see
Methods for the calculation details). For each cation type, ∆Gb
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Fig. 3 Temperature dependence of (A) the free energy, ∆Gb, and (B)
the total entropy contribution, −T ∆Sb, for each cation binding to the
protein. Error bars represent the standard deviation. The different lines
are for guiding the eye. The experimental binding free energies for Y3+

at different temperatures shown in (A) are taken from Ref.9

is always negative, and its magnitude increases with the increase
in temperature. |∆Gb| follows the trend: Na+ < Ca2+ ≈ Mg2+

< Y3+. By changing temperature from 283 K to 323 K, we see
the highest change in ∆Gb for Y3+ (−1.21 kcal/mol), whereas the
least change is observed for Na+ binding (−0.52 kcal/mol). The
changes in ∆Gb for Ca2+ and Mg2+ ions are −0.71 and −1.03
kcal/mol, respectively.

The increase in binding affinity of the cations with solely in-
creasing temperature (Figure 3A) cannot be explained by consid-
ering the energy of binding, for purely thermodynamic reasons,
as described in the SI, section 1. Further, it should be noted that
since the dielectric constant of water decreases as ∼ T−3/2, any
electrostatic interaction in water is predominantly entropic in na-
ture.17,18 Therefore, entropy must be playing a dominant role
here.

The binding free energy for an ion is given by

∆Gb(T ) = ∆Eb(T )−T ∆Sb(T ), (1)

where ∆Eb and ∆Sb are the energy and entropy of binding, re-
spectively and T is the temperature. For the calculation of ∆Sb,
one needs to correctly account for “hydration effects” associated
with the ion binding process, such as partial desolvation of both
the protein and ion. The radial distribution functions for water
molecules around a cation, both free in solution and bound to
the protein surface, clearly show partial dehydration of the first
and second solvation shells (SS′s) of each cation (Figure S5 in
the SI). ∆Sb in Eq. 1 consists of three terms—the loss in entropy
of a protein-bound ion (∆SP,I), the gain in entropy due to release
of tightly-bound water molecules from the first and second SS′s
of the ion (∆SI,W ), and the gain in entropy of water molecules
released to the bulk due to desolvation of the protein surface
residue where the ion binds (∆SP,W ). Together, it can be written
as

∆Sb = ∆SP,I −∆SI,W −∆SP,W . (2)

We have used the two-phase thermodynamic (2PT) method19–21

to calculate all the terms on the right hand side of Eq. 2. The
theory of the 2PT method is described in the SI, section 2 and
calculation details are given in the Methods section. We first vali-
date the 2PT method for ionic solutions by reproducing from the
simulation data the experimental ion hydration entropy (∆Shyd)
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for the different ion types (see Table S1 in the SI). Then, we pro-
ceed, using 2PT, with calculations of the entropy differences for
a protein-bound ion, a protein-bound water, and a water in the
first SS of the cation as shown in Figure 4, as well as the entropy
difference of a water in the second SS of the cation as shown
in Figure S6 in the SI. Note that for calculations of the various
entropy contributions shown in Figures 4 and S6, the reference
values are taken as the respective absolute entropies in the bulk
water. ∆SI,W in Eq. 2 is then calculated by multiplying the per wa-
ter entropy differences with the corresponding numbers of water
molecules released in the partial dehydration of both the first and
second SS′s of the cation (values given in Table S2 in the SI),
and adding both terms. Similarly, ∆SP,W in Eq. 2 is evaluated by
multiplying the per water entropy difference with the number of
water molecules released in the partial dehydration of the pro-
tein surface residue (values given in Table S2 in the SI). From
Figure 4, we see that the entropy loss of a protein-bound cation is
more than compensated by the entropy gain of water molecules
released to bulk by the partial dehydration of both the cation and
protein. The cation desolvation entropy contributes the highest to
the thermodynamics of protein–ion binding for all the multivalent
cations, whereas both the protein and ion desolvation entropies
contribute equally for Na+ binding.

The total entropy contribution (−T ∆Sb in Eq. 1) for each cation
plotted in Figure 3B is always negative, and it decreases (becomes
more negative) with increasing temperature. We have also esti-
mated −T ∆Sb from the temperature dependence of ∆Gb using
the thermodynamic relation ∆Sb = −∂∆Gb/∂T , and we find that
the temperature dependence trend is the same as obtained from
the 2PT method, though the values obtained from both methods
match only semi-quantitatively (see Figure S7 in the SI for com-
parison). For each cation, −T ∆Sb is more negative than the bind-
ing free energy ∆Gb throughout the temperature range studied in
this work (Figure 3). Therefore, the process of a cation binding
to the protein is entropy driven. The above observations, in par-
ticular, explain the enhancement of the protein-binding affinity of
a multivalent cation with increasing temperature (Figure 2). The
total entropy contribution as shown in Figure 3B is the highest
for Y3+ across the whole temperature range, followed by Ca2+

> Mg2+ ≈ Na+—representing a delicate dependency of entropy
on the charge and size of a cation. Note that though the entropy
contribution due to a water molecule released from Mg2+ is more
than that for Na+ and Ca2+ ions (Figure 4), the altered trend in
∆Sb for Mg2+ in Figure 3B is rationalized by the lower number of
water molecules released in the process of a Mg2+ ion binding,
compared to that for Na+ and Ca2+ bindings.

The large (and negative) value of the entropy contribution,
−T ∆Sb, must be partially compensated by a positive binding en-
ergy ∆Eb to result in a small (and negative) value of the binding
free energy ∆Gb. ∆Eb, calculated by using the thermodynamic re-
lation given in Eq. 1, is plotted as a function of temperature in
Figure S8 in the SI. ∆Eb is positive throughout the temperature
range, in agreement with the experiment,9 but is comparable to
the magnitude of −T ∆Sb. The increase in ∆Eb with temperature
(Figure S8) can be rationalized by the enhancement in the elec-
trostatic interaction strength due to the decrease in the water di-
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Fig. 4 Entropy contributions ∆SP,I (red), ∆SI,W (black), ∆SP,W (blue)
from Eq. 2 as a function of temperature for the protein in NaCl (A),
CaCl2 (B), MgCl2 (C), and YCl3 (D) solutions. Error bars represent the
standard deviation. The lines are for guiding the eye.

electric constant ε, as explained below.17 The electrostatic free
energy ∆G ∝ ε−1 and ε ∝ T−α , thus ∆G = −CT α . Here C is a
constant and the negative sign is due to ∆G < 0 in our case. The
entropy follows as ∆S = −∂∆G/∂T = CαT α−1. The internal en-
ergy results as ∆E = ∆G+T ∆S =−CT α +CαT α =C(α−1)T α . As
long as the exponent α > 1, ∆E is always positive and increases
as T α . For pure water α > 1 at all temperatures (Figure S9 in the
SI). Although α slightly decreases with the addition of salt (viz. 1
M NaCl solution in Figure S9), α is significantly greater than 1 for
the temperature regime investigated in our simulations, which ex-
plains the observed increase in ∆Eb with increasing temperature.

The temperature-dependent increase in ∆Eb follows the trend:
Y3+ > Ca2+ > Na+ ≈ Mg2+ (Figure S8 in the SI). By changing
temperature from 283 K to 323 K, the change in ∆Eb for Na+,
Ca2+, Mg2+, and Y3+ is found to be 1.82, 2.86, 1.71, and 5.11
kcal/mol, respectively.

The large value of ∆Eb can be understood by considering the
energetic penalties associated with the desolvation of both the
protein and cation. For example, ∆Eb for Y3+ ion at 300 K de-
creases from 7.50 to 3.71 kcal/mol if we exclude the contribution
due to the dehydration of the second SS of Y3+ (Figure S10B in
the SI). Figure S10 also highlights that the effect of the second SS
is significant for the accurate description of solvation thermody-
namics of cations, and cannot be neglected even for monovalent
ions, e.g., Na+.

Preferential Interaction Coefficients
The interaction of ions with proteins, whether these are enriched
or depleted from the protein surface, can be quantified by exper-
imentally measuring the preferential interaction coefficient Γ23.
The thermodynamic definition of Γ23 is the change in chemical
potential of the protein due to the addition of ions; it can also be
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expressed as the change in ion concentration to maintain constant
chemical potential when a protein is added to the solution:22

Γ23 =−
(

∂ µ2

∂ µ3

)

m2,T,P
=−

(
∂m3

∂m2

)

µ3,T,P
, (3)

where µ is the chemical potential, m is the molal concentration,
and the subscripts 1, 2, and 3 stand for water, protein, and ion,
respectively. Record et al.,23 based on the molal concentration
definition, developed a two-domain molecular model for the es-
timation of Γ23 in terms of the difference in ion concentration in
the local domain near the protein surface and the bulk solution
as follows:

Γ23 =

〈
Nlocal

3 −Nlocal
1

[
Nbulk

3

Nbulk
1

]〉
, (4)

where Ni is the number of molecules of type i and 〈·〉 repre-
sents the time average. For the calculation of Γ23 using Eq. 4
a boundary or a distance cutoff needs to be chosen for defin-
ing the local and bulk domain, but the choice is arbitrary. Γ23

is instead estimated at each value of r, the distance from the pro-
tein surface, asuming that it is the boundary: Γ23(r) = 〈N3(r)−
N1(r)[Nbulk

3 /Nbulk
1 ]〉. The distance r∗ after which Γ23(r) becomes

constant is defined as the actual boundary. In our simulations the
total numbers of water molecules (N1) and ions (N3) are constant,
thus the above expression for Γ23(r) is further simplified as:24

Γ23(r) =
〈

N3(r)−N1(r)
[

N3−N3(r)
N1−N1(r)

]〉
. (5)

In a salt solution, cations and anions are distributed around
the protein. We obtain preferential interaction parameters for the
cation Γ2,+3(r) and anion Γ2,−3(r) separately by using N+/−3(r)
as the cation or anion distribution, respectively in Eq. 5. Γ2,+3(r)
and Γ2,−3(r) are shown for different salt solutions in Figure 5.
Experimentally, it is impossible, however, to separate the cationic
and anionic contribution to the measured value of Γ23 for a salt
solution. For a salt of monovalent cation and anion, the preferen-
tial interaction parameter is given by23

Γ23 =
1
2
(
Γ2,+3 +Γ2,−3−|Q2|

)
, (6)

where |Q2| is the protein’s net charge that is subtracted from Γ23,
as Q2 counterions (cations in case of BSA protein) are accumu-
lated near the protein surface to neutralize its charge and do not
contribute to the preferential interaction. For a salt of multivalent
cation/anion, it is straight-forward to generalize Eq. 6 by scaling
Γ2,+3(r), Γ2,−3(r), and Q2 with valency of the anion z−, valency
of the cation z+, and charge on the counterion z+, respectively.

Γ23 =
1
2

(
Γ2,+3

z−
+

Γ2,−3

z+
− |Q2|

z+

)
. (7)

For the BSA protein, using in Eq. 7 Γ2,+3 and Γ2,−3 at r∗ = 17
Å (by which all curves reach their respective saturation values as
seen in Figure 5), we obtain preferential interaction coefficients
for different salts: NaCl (Γ23 = 2.44), CaCl2 (Γ23 = 15.67), MgCl2
(Γ23 = 19.83), and YCl3 (Γ23 = 26.87). Positive values of Γ23 for
all the different salt types reflect that these salt ions are attracted
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Fig. 5 Preferential interaction coefficients for cations Γ2,+3 and anions
Γ2,−3 of the different salt solutions at 303 K as a function of the bound-
ary distance cutoff r. Γ2,+3(r) reaches a saturation value rather quickly
compared to Γ2,−3(r), for solutions containing multivalent cations.

towards the protein surface. For salt containing multivalent ions,
Γ23 is significantly larger than that for NaCl, which suggests that
addition of trivalent ions in the protein solution affects the solu-
tion stability25 and stabilizes protein dimer formation as seen in
our simulations.

ζ -Potential of the Protein and the Protein–Protein Interaction

ζ -potential measurements for a protein in an ionic solution report
on charge compensation by the counterions and thus have direct
implications for protein–protein association and the phase behav-
ior of the solution. ζ -potentials are defined by the electrophoretic
mobility.9,10,26 From the simulation data, we calculate the surface
potential at one ionic diameter away from the protein surface (see
Methods). Note that the surface potential typically serves as a
good approximation for the ζ -potential for proteins and colloidal
systems; however, the surface and ζ -potential values might dif-
fer significantly for extended surfaces with high surface charge
densities.27

As shown in Figure 6, the ζ -potential of the protein in the NaCl
solution is negative at all temperatures, as expected based on
the protein net charge of −16 e. In contrast, the ζ -potential is
positive for all multivalent cation-chloride solutions at all tem-
peratures, indicating sign reversal of the effective charge of the
protein (Figure 6). This charge inversion phenomenon in the
presence of multivalent cations is due to strong interactions of
the cations predominantly with the COO− groups of the protein’s
surface residues and can be rationalized by considering strong
charge-charge correlations.28 Note that similar charge reversal
of proteins in the presence of trivalent cations has also been re-
ported both in experiments4,9,26 and simulations13 as well as in a
coarse-grained analytical model.29 As shown in Figure 6, with the
increase in temperature, the ζ -potential of the protein increases
for all cation types; the highest change is seen for MgCl2, whereas
the effect is minimal for NaCl. The ζ -potential of the protein at
283 K is higher in CaCl2 solution than in MgCl2 solution, and vice
versa at 323 K. These observations are consistent with the trends
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for the temperature dependence of binding free energies of the
different cations (Figure 3A).

Protein–Protein Binding Mediated by Cation Bridges
Protein aggregation seen in experiments9 was hypothesized to be
mediated by cation bridges.6 To explicitly demonstrate the multi-
valent ion-mediated protein–protein binding, we have performed
three independent simulations with different orientations of two
BSA proteins in YCl3 solution, as shown in Figure 7A (left panel).
In every simulation, we find that two BSA proteins, which are
initially placed far apart, approach each other (see the timeseries
of the total number of inter-protein residue–residue contacts in
Figure 7B) and eventually form a dimer mediated by 1–5 Y3+

ions (see snapshots in Figure 7A [middle panel]). The Y3+ ion
bridges remain stable over a 1 µs timescale, as evident from the
time series plot for the number of bridging cations (Figure 7C). A
Y3+ ion bridge is stabilized by coordination of multiple caboxylate
groups of each protein with the cation, as evident from snapshots
in Figure 7A (right panel). Note that even for the stable, Y3+ ion-
bridged protein dimer complex, the relative orientation between
the two proteins changes over time but very slowly (see the orien-
tational autocorrelation function in Figure 7D). This reveals the
conformational flexibility of the protein dimer complex.

To compare monovalent and multivalent cations, we have also
simulated the above three systems (shown in Figure 7A) in NaCl
solution, at the equivalent ionic strength as for YCl3 solution. In
sharp contrast to the case of YCl3, we find that Na+ ion bridges be-
tween two BSA proteins form transiently and remain stable only
for 1–20 ns (Figure 7E). These results demonstrate the need for
multivalent ions in protein cluster formations, in agreement with
experiments.4

Discussion
The temperature behavior of the ζ -potential found in Figure 6
is in qualitative agreement with the experiments.9 As the ζ -
potential is influenced by the number of surface-bound ions and
the binding affinity of ions increases with temperature, the ζ -
potential is expected to increase with temperature irrespective
of the salt concentration of the solution. ζ -potential values es-
timated from our simulations, however, are larger than that re-
ported in the experiments9 presumably because of the YCl3 con-

centration difference. The ζ -potential increases with increasing
YCl3 concentration as found in experiments,9 thus we expect the
simulation and experimental results to match if the same salt con-
centration is used.

It should be noted that the YCl3 concentration used in our sim-
ulations is 30 mM which is much higher than the 1 mM concen-
tration used in the experiment. A direct comparison between all-
atom simulations and the experiments9 at low concentration of
multivalent ions is rather difficult for the following reason. We
consider a higher YCl3 ion concentration in our simulations in or-
der to obtain statistically converged results with sufficient num-
ber of ions. Obtaining well-converged results for proteins at low
salt concentrations with enough number of ions would require
significantly larger system sizes. Simulating such large systems is
very demanding at the all-atom level, but it is feasible at a coarse-
grained level as shown in a recent study.13 However, the solvation
effects, which are crucial for the accurate prediction of protein–
ion binding thermodynamics, are not properly taken into account
in such coarse-grained simulations.

The LCST phase behavior found in experiments9 can be ratio-
nalized by the temperature dependence of the ζ -potential and
the microscopic picture emerges from our simulations. For suffi-
ciently low Y3+ concentration, at low temperatures due to the re-
duced binding affinity of counterions, the ζ -potential is expected
to become negative (and large) and the proteins are expected
to repel each other, keeping the solution stable. With increasing
temperature, counterion binding affinity for the protein increases,
and hence the ζ -potential increases and becomes positive at a suf-
ficiently high temperature. In the temperature range (293–313 K)
where the ζ -potential is small (−5 to +5 mV),9 the proteins are
predicted to attract each other, eventually causing the solution to
phase separate into protein-rich and protein-poor phases.

The protein–protein binding at a low concentration of multiva-
lent ions occurs via cation bridging, as shown in Figure 7, as well
as suggested from experiments.6,9 A cation bridge formation—
like the first step of a cation binding to the protein—requires des-
olvation of both the protein-bound cation and the surface residue
of another protein that will bind to the cation. These processes
involve the release of many tightly-bound water molecules to the
bulk that results in a significant entropy gain, which contributes
at least 10–15 kcal/mol (depending on the temperature) to the
total free energy, as shown in Figure 3B for a Y3+ ion binding. As
multiple cation bridges are formed in a protein–protein binding
(see Figure 7, and also found in experiments6), the net entropy
gain due to cation and protein desolvation more than compen-
sates for the translational and rotational entropy losses of the pro-
teins during protein–protein binding. Therefore, the LCST phase
behavior9 is entropy-driven.

Conclusions
In summary, by performing fully atomistic MD simulations of a
BSA protein in different cation-chloride solutions (NaCl, CaCl2,
MgCl2, and YCl3) and by calculating various entropy contribu-
tions, we demonstrate that multivalent cation binding to the pro-
tein is an entropy-driven phenomenon. The loss in entropy of
a protein-bound cation is more than compensated by the entropy
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gain of water molecules due to the partial dehydration of both the
cation and the cation-bound surface residue of the protein. A par-
ticularly interesting observation is the significant difference in the
binding/unbinding kinetics of Ca2+ and Mg2+ ions (see Figure
S3)—although having comparable binding free energies (Figure
3A), which can be related to the recent finding that the ion–water
exchange kinetics strongly depends on the size of a cation.15 It
will thus be interesting to investigate in future simulation studies
the universality of the ion size dependence of ion–protein binding
kinetics and thermodynamics.

The ζ -potential calculation shows charge inversion of the pro-
tein in all solutions containing multivalent cations, but not in the
monovalent NaCl solution (Figure 6). The LCST phase behav-
ior observed in the experiment9 can be rationalized by consid-
ering the temperature-dependent increase in the ζ -potential of
the protein and the associated charge inversion phenomenon. The
protein–protein interaction involves: (i) the ion binding to the
protein, and (ii) the subsequent protein–protein binding by cation
bridging (Figure 7). In both processes many tightly-bound water
molecules are released to the bulk, which results in a thermo-
dynamic driving force for the LCST behavior that is entropic in
nature, in agreement with the experiment.9

This work shows that similarly to hydrophobic association, en-
tropy plays a pivotal role in systems involving strong electrostatic
interactions, revealing intriguing hydration and dielectric effects.
Our results are important for the basic understanding of ion ef-
fects in soft matter and biology, and the insights gained here
will be useful in studies of ion-mediated surface adsorption and
crystallization of proteins. Moreover, molecular-level understand-
ing of interactions of heavy metals—usually not found in healthy
cells—with different biomolecules, as studied here, can provide
insights for carcinogenicity and neurotoxicity induced by expo-
sure to such environmental contaminants.

Methods

Model Building and Force Field Parameters

The initial structure of BSA protein was obtained from the crys-
tal structure available in the protein data bank (PDB ID: 3V03).
The charge or protonation state of each residue of the protein was
chosen at neutral pH 7 depending on the residue’s pKa value, and
the assigned charges were fixed over the simulation time. Note,
however, that pKa depends on the ionic strength (through the ac-
tivity coefficients), and the reported pKa values of amino acids
are typically determined in a solution of high ionic strength.30

In particular, the apparent pKa values of carboxyl groups shift up
slightly in the presence of multivalent cations at low salt concen-
trations. If the pH of the solution differs from 7 in an experiment
due to the CO2 content in air (which lowers the water pH down
to 5.631), this could make some of the acidic peptide groups less
charged. But, the experiments described in Matsarskaia et al.9

were performed in air and in ultrapure (MilliQ, 18.2 Mega Ohm)
water which had previously been degassed under vacuum to elim-
inate the CO2 contributions. Also, it is known from experiments
that the addition of multivalent metal cations such as Al3+ and
Fe3+ changes the pH of the solution due to hydrolysis of these

cations, which can change the charge states of the protein surface
residues. However, this effect is less significant for Y3+ ion.10

Therefore, our assigned fixed charges of the protein residues at
pH 7 for the different cations (Na+, Ca2+, Mg2+, and Y3+) is as-
sumed to mimic the experimental conditions sufficiently well.

The ff14SB force field parameters32 were used for the protein.
The system was solvated with TIP3P33 water model using the
xleap module of the AMBER17 tools34 in a way such that there
exists at least 17 Å solvation shell in between the solute and simu-
lation box wall. The final unit shell for simulation is a rectangular
box of size 13.2×13.2×13.1 nm3 that contains ∼200,000 atoms
(Figure 1A). The system was simulated in four different salt so-
lutions, namely NaCl, MgCl2, CaCl2 and YCl3. Depending on the
ion type, an appropriate number of counterions were added to
ensure the charge neutrality of the simulation unit shell. To sim-
ulate the system at a specified salt concentration, enough num-
bers of counterions/coions, estimated from the mole fraction of
counterions/coions and water, were further added to the system.
For YCl3, the system was simulated at 30 mM salt solution. For
the other salts, the system was simulated at the equivalent ionic
strength as in the case of YCl3, e.g., 180 mM for NaCl. Espe-
cially for multivalent ions, the electronic polarization effect con-
tributes significantly to the total interaction energy of such an
ion with another charged object. The recently developed Li/Merz
ion parameters35–37 with 12-6-4 Lennard-Jones (LJ)-type non-
bonded interaction terms take care of the electronic polarization
effect and have been shown to well reproduce the experimen-
tal measurables, such as the ion–oxygen (of water) distance, the
ion–water coordination number, and the hydration free energy
of mono- and multi-valent ions. We have provided in Table S1
in the SI the structural parameters and entropy of ion hydration
for the different ions calculated from our simulation data, which
quantitatively match with the corresponding experimental values.
Therefore, we used Li/Merz ion parameters for an accurate mod-
eling of the ion–water and ion–protein interactions.

MD Simulation Details

All the simulations were performed using the PMEMD module of
the AMBER14 package.38 Periodic boundary condition was used
for all the simulations. Bonds involving hydrogen atoms were
constrained using the SHAKE algorithm39 that allowed the use
of a time step of 2 fs for the integration of Newton’s equation of
motion. The temperature of the system was maintained using a
Langevin thermostat40 with the collision frequency of 5.0 ps−1.
Berendsen weak coupling method41 was used to apply a pressure
of 1 atm with isotropic position scaling with a pressure relaxation
time constant of 2.0 ps. Particle mesh Ewald42 sum was used
to compute long-range electrostatic interactions with a real space
cutoff of 10 Å. van der Waals and direct electrostatic interactions
were truncated at the cutoff. The direct sum non-bonded list was
extended to cutoff + “nonbond skin” (10 + 2 Å).

The solvated systems with harmonic restraints (force constant
of 500 kcal/mol/Å2) on the position of each atom of the protein
were first subjected to 2000 steps of steepest descent energy mini-
mization, followed by 1000 steps of conjugate gradient minimiza-
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tion to remove bad contacts present in the initially built systems.
The restraints on the protein atoms were sequentially decreased
to zero during further 4000 steps of energy minimization. The
energy minimized systems were then slowly heated from 10 K to
the desired temperature in many steps during the first 210 ps of
MD simulation. During this time, the solute particles were re-
strained to their initial positions using harmonic restraints with a
force constant of 20 kcal/mol/Å2. The first 2 ns of equilibration
simulations were performed in the NPT ensemble to attain the
proper water density. Simulations were then switched to the NVT
ensemble for further production runs of 200–1450 ns, depending
on cation types.

Data Analysis

All the analyses were carried out by using home-written codes
and/or the AMBER17 tools.34 Images were rendered using the
Visual Molecular Dynamics software.43

The free energy of ion binding, ∆Gb, was calculated using the
expression

∆Gb =−kBT ln(CbI/C f I), (8)

where kB is the Boltzmann constant, and CbI and C f I are the
concentration of bound and free ions, respectively. The expres-
sions for calculations of the concentrations are CbI = NbI/Vs and
C f I = N f I/V f , where Vs is the volume of the shell around the pro-
tein surface where ions are considered as bound, N f I (= total
number of ions −NbI) is the number of free ions, and V f is the
free volume available for ions. The volumes were calculated fol-
lowing the protocol described in Ref.44, by using the Gromacs
program gmx sasa.45 Further details on the volume calculation
are provided in the SI, section 3. The last 200 ns data for each
ion type (the last 150 ns for Na+) was taken for the calculation
of ∆Gb, whereas the rest of the data served for the equilibration.

The reported entropy contributions in Figures 4 and S6 were
obtained by calculating absolute molar entropies for free and
protein-bound ions, free and protein-bound water molecules, and
water molecules in the first and second SS′s of the cation by us-
ing the 2PT method.19–21 To generate trajectories for 2PT calcu-
lations, simulations were restarted after 100–500 ns, depending
on the ion type. 3 short (40 ps) NVT trajectories for each system
at each temperature were generated with coordinates and veloci-
ties saved every 4 fs. To calculate the 2PT entropy for bound ions,
we performed the analysis for all bound ions and got the average
entropy per ion, similarly for bound water. In Figures 4 and S6,
each point and the corresponding error bar are the average and
standard deviation of 3 different simulations, respectively.

The surface or ζ -potential was obtained by calculating as a
function of r (the distance from the center of mass of the pro-
tein) the electrostatic potential profile, φ(r), for the system as fol-
lows.46 φ(r) was calculated by solving the Poisson equation, i.e,
by carrying out a double integration of the charge density profile,
ρ(r), obtained from our MD simulation by using the following
expression.

φ(R)−φ(r) =−1
ε

∫ R

r
dr1

1
r2

1

∫ r1

0
dr2r2

2ρ(r2), (9)

where R (= 65 Å) is the radius of the inscribed sphere within the
rectangular MD simulation box and ε is the dielectric permittivity
of water. A derivation of Eq. 9 is given in the SI, section 4. At a
temperature T , ε was calculated from the Bjerrum length, λB, of
water (= 7 Å) by using the relation: ε = e2/4πλBkBT , where e is
the elementary charge. It should, however, be noted that for the
temperature behavior of ε ∝ T−α , the exponent α in experiments
is close to 3/2 but we take it to be 1 which is close to what is seen
in simulations for a rather similar water model.18 So the above
approximation for ε(T ) is deemed to be good for our purpose.
Finally, the ζ -potential was obtained as ζ = φ(R)− φ(Rh + 2rc).
Here, the hydrodynamic radius of the protein, Rh, was taken to
be 36 Å,47 and rc

′s for the different cations (Figure 1B) were
taken to be 2.8 Å (Na+), 2.7 Å (Ca2+), 2.3 Å (Mg2+) and 2.5 Å
(Y3+).

NContacts shown in Figure 7B is defined as the total number
of inter-protein amino acid residue–residue contacts, and such
a contact is counted if at least one pair of atoms from residues of
two different proteins are within 3 Å.

NIonBridges shown in Figure 7C is defined as the total number of
ions bridging two different proteins, and an ion bridge is counted
if an ion is present within 3 Å from both the proteins’ surfaces.

The average orientational autocorrelation function shown in
Figure 7D is defined as

C(t) =
1
3

3

∑
i=1

〈cosθi(0) · cosθi(t)〉
〈cosθi(0) · cosθi(0)〉

, (10)

with cosθi(t) = êA
i · êB

i , where êA
i and êB

i are the unit vectors along
the principal axes of proteins A and B, respectively, and the angu-
lar bracket represents the average over time origins.
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Figure S1: For each of the different ionic solutions, the total number of Cl− ions (NCl) found
within a shell of width dr = 0.1 Å, present at a shortest distance r from the protein surface,
is shown as a function of r for the simulation performed at 303 K. NCl(r) for each ionic
solution type is averaged over the last 100 ns of the simulation time.
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Figure S2: (A) Electrostatic potential map for BSA, left: front view, right: back view. Red
represents negative potential, whereas blue represents positive potential. (B) Na+ and (C)
Cl− number density map obtained from ion distributions within a 5 Å shell from the protein
surface sampled in the last 100 ns of the simulation at 303 K. Red represents lower density,
whereas blue represents higher density.
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free ion bound ion

Figure S3: Time series showing events of cation binding and unbinding from the protein
surface at 303 K for each Na+, Ca2+, Mg2+, and Y3+. The length of a continuous dark-blue
(light-blue) line represents the time for which a cation remains bound (unbound) to the
protein surface.
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Figure S4: Time series of the number of protein-bound water molecules at different temper-
atures for NaCl (A), CaCl2 (B), MgCl2 (C), and YCl3 (D) solutions.
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Figure S5: The radial distribution functions (RDF) at 303 K for oxygen atoms of water
around Na+ (A), Ca2+ (B), Mg2+ (C), and Y3+ (D) ions. In each case, the results for
the cation free in solution and the cation bound to the protein surface are shown. Water
molecules are released from both the first and second solvation shells of each cation, when
the cation binds to the protein surface.
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Figure S6: Temperature dependence of the difference in entropies of a water in the second
solvation shell of a cation and a water in bulk. Error bars represent the standard deviation.
The lines are for guiding the eye.
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Figure S7: Comparison of the total entropy contribution (−T∆Sb) obtained from the
2PT method and that obtained from the temperature dependence of the ion-binding free
energy ∆Gb (see Fig. 3A in the main text) using the thermodynamic relation (TR),
∆Sb = −∂∆Gb/∂T . The error bar for the 2PT method represents the standard deviation of
four independent calculations at each temperature, whereas the error bar for TR denotes the
standard linear-regression error associated with the estimation of the slope of temperature
versus binding energy data. Note that for each cation type, the entropy obtained from each
method is negative and sufficiently large to drive the ion binding. Given the higher “true”
error (compared to the computed error here) usually associated with the entropy obtained
from TR, we deem the agreement between the widely different methods sufficient for our
purposes.
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Figure S8: Temperature dependence of the protein–ion binding energy ∆Eb for the different
cations. The different lines are for guiding the eye. The error bars are the propagation errors
coming from the errors in ∆Gb and ∆Sb (see Eq. 1 in the main text).
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Figure S9: (top) Temperature dependence of the relative dielectric constant εr of NaCl
solutions. Open circles are experimental data for pure water,S1 whereas open squares are
experimental data for 1 M NaCl solution.S2 Curves represent polynomial fits to the data.
(bottom) First logarithmic derivative of εr which determines the exponent α of the scaling
law: εr(c, T ) ∝ T−α(c).
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Figure S10: Temperature dependence of the total entropy contribution −T∆Sb (A) and the
total energy contribution ∆Eb (B) for the different cations, where the respective contributions
due to the dehydration of the second solvation shell are not included. The different lines are
for guiding the eye. For comparison where all the contributions are included, see Fig. 3B
(in the main text) and Fig. S8 for −T∆Sb and ∆Eb, respectively.
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1. Temperature dependence of the free energy

The free energy is given by

F = U − TS = U(T )− TS(T ) = F (T, V ),

where U is the internal energy, S is the entropy, V is the volume, and T is the temperature.

Taking the derivative of F

=⇒ ∂F (T, V )

∂T

∣∣∣∣
V

= −S(T ) = U ′(T )− S(T )− TS ′(T ).

In the above equation, we have used the relation: U ′(T ) = CV = TS ′(T ), where CV is

the specific heat at constant V . Therefore, the change of U with T does not enter the

T -dependence of F .

2. Two-phase thermodynamic (2PT) method for entropy

calculation

The 2PT method was developed by Lin et al.S3,S4 The central hypothesis of the 2PT method

is that the density of states (DoS) of a fluid can be treated as a combination of gas and

solid-like components. The DoS of a fluid has a zero-frequency diffusive mode S(0), similar

to a gas, and a maximum at some finite frequency followed by an exponential decay at higher

frequencies, similar to a solid.

Lin et al.S3 showed that the thermodynamic properties can be estimated by treating the

DoS of a fluid as a sum of solid-like (Ss(ν)) and gas-like (Sg(ν)) contributions. Thermody-

namic quantities for a solid can be estimated by treating its vibrational modes as a system

of noninteracting harmonic oscillators, as in the Debye model.S5 The gas part is described as

a low-density hard-sphere fluid. The velocity autocorrelation function decays exponentially
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for this model,S5 and hence the DoS can be calculated analytically. Thus, the calculation of

entropy for solid and gas requires knowledge of the DoS.

The translational density of states S(ν) of a system is defined as the mass-weighted sum

of atomic spectral densities skj (ν)

S(ν) =
2

kBT

N∑

j=1

3∑

k=1

mjs
k
j (ν) , (S1)

where mj is the mass of the jth atom, k refers to the three Cartesian directions, and skj (ν)

is given by:

skj (ν) = lim
τ→∞

∣∣∣
∫ τ
−τ ν

k
j (t)e−i2πνtdt

∣∣∣
2

∫ τ
−τ dt

= lim
τ→∞

∣∣∣
∫ τ
−τ ν

k
j (t)e−i2πνtdt

∣∣∣
2

2τ
. (S2)

Here, νkj (t) is the kth component of the velocity of atom j. It can be shown that the

atomic spectral density skj (ν) can be obtained from the Fourier transform of the velocity

auto-correlation function (VACF) ckj (t)S3

skj (ν) = lim
τ→∞

∫ τ

−τ
ckj (t)e

−i2πνtdt , (S3)

where ckj (t) is given by:

ckj (t) = lim
τ→∞

1

2τ

∫ τ

−τ
νkj (t+ t′)νkj (t′)dt′ . (S4)

Thus, Eq. S1 can be rewritten as:

S(ν) =
2

kBT
lim
τ→∞

∫ τ

−τ

N∑

j=1

3∑

k=1

mjc
k
j (t)e

−i2πνtdt . (S5)
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More generally, it can be written as:

S(ν) =
2

kBT
lim
τ→∞

∫ τ

−τ
C(t)e−i2πνtdt . (S6)

In the above equation, C(t) can be either the mass-weighted translational VACF determined

from the center of mass velocity V cm
i (t) of the ith molecule,

CT (t) =
N∑

i=1

〈miV
cm
i (t).V cm

i (0)〉 (S7)

or the moment-of-inertia weighted angular velocity auto-correlation function

CR(t) =
3∑

i=1

N∑

i=1

〈Iijωij(t)ωij(0)〉 , (S8)

where Iij and ωij are the jth components of the moment of inertia tensor and the angular

velocity of the ith molecule, respectively. One can obtain the translational or rotational DoS

depending on the use of CT (t) or CR(t) in Eq. S6.

In the 2PT method, the DoS is decomposed into a gas-like diffusive component and a

solid-like nondiffusive component, S(ν) = Sg(ν) + Ss(ν), using the fluidity factor f which is

a measure of the fluidity of a system. f is estimated in terms of the dimensionless diffusivity

∆ using the universal equation:S3

2∆−9/2f 15/2 − 6∆−3f 5 −∆−3/2f 7/2 + 6∆−3/2f 5/2 + 2f − 2 = 0 . (S9)

The diffusivity ∆ can be uniquely determined for a thermodynamic state of the system using

the equation:

∆(T, ρ,m, S0) =
2S0

9N

(
6

π

)2/3(
πkBT

m

)1/2

ρ1/3 , (S10)

where S0 = S(0) is the zero-frequency component of the DoS function (translational or

rotational). Knowing f from Eqs. S9 and S10, the gas-like diffusive component of the DoS
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can be obtained using a hard-sphere diffusive model:

Sg(ν) =
S0

1 +
[
πS0ν
6fN

]2 . (S11)

Lin et al.S3 used the gas–solid decomposition scheme only for the translational DoS of

monoatomic fluids. In a later work, Lin et al.S4 showed that for polyatomic fluids, the

rotational entropy can be computed if the decomposition scheme is used for the rotational

DoS as well. Separate fluidity factors fs are determined for the translational and rota-

tional DoS using the translational and rotational diffusivities in Eq. S9. Then, the gas-like

component of entropy is calculated using Eq. S11 with S0 being Stran(0) or Srot(0) for the

translational and rotational cases, respectively. Once such decomposition of DoS is done,

each thermodynamic quantity Am can be computed from the solid-like and gas-like DoS

functions with the corresponding weight functions as follows.

Am = β−1
[∫ ∞

0

dνSgm(ν)W g
A,m +

∫ ∞

0

dνSsm(ν)W s
A,m

]
, (S12)

where m can be translational, rotational or vibrational. The weight functions are provided

in Ref.S4 For the rigid TIP3PS6 water model used in our simulations, the contribution due

to intra-molecular vibration is zero.

3. Definition of volume for the calculation of ion concen-

tration

Following Ref.,S7 the volume of the shell surrounding the protein surface (Vs) where ions

are considered as bound is defined as Vs = Vps − Vprot. Vprot is the volume of the protein

calculated by rolling a small probe sphere of radius 0.5 Å on the protein. Vps is the volume

occupied by the protein and the shell around the protein that contains the bound ions, and

S-15



Vps is calculated by rolling around the protein surface a probe sphere of radius rps, which

is equivalent to the contact distance of a bound ion from the protein surface. The volume

available for free ions (Vf ) is defined as Vf = Vbox − Vps, where Vbox is the volume of the

simulation box. Note that the calculation of Vps using this method is ad hoc and influences

the concentration of bound and free ions, and hence the value of ∆Gb (cf. Eq. 3 in the main

text). We, therefore, varied rps to get an optimized probe radius, such that the calculated

∆Gb matches the experimental ∆Gb for Y3+, as shown in the figure below.
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Figure S11: Dependence of the binding free energy ∆Gb on the probe radius rps used for
defining the shell volume Vs. The experimental data for Y3+ is taken from Matsarskaia et
al.S8

4. The surface or ζ-potential calculation from the simula-

tion data

For the estimation of the surface or ζ-potential of the protein in a salt solution, we consider

Poisson’s equation

∇2φ = −ρ
ε
, (S13)

in spherical polar coordinates. Here, φ is the electrostatic potential, ρ is the charge density,

and ε is the dielectric permittivity of water. For simplicity, we assume that the protein is a

spherically isotropic object. To justify this, we calculate the asphericity, δ, of BSA protein
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(δ = 1− 3[IxIy + IyIz + IxIz]/[Ix + Iy + Iz]
2, where Ix, Iy, and Iz are the principal moments

of inertia) and find δ to be very small (= 0.0196 ± 0.0016). Now, φ and ρ are functions of

only the radial distance r. Under these considerations, Eq. S13 becomes

1

r2
∂

∂r

(
r2
∂

∂r

)
φ(r) = −ρ(r)

ε
(S14)

=⇒ ∂

∂r

(
r2E(r)

)
=
ρ(r)

ε
r2, (S15)

where the electric field E = −∂φ(r)
∂r

. Integrating both sides of the above equation from 0 to

r1

r21E(r1) =
1

ε

r1∫

0

dr2ρ(r2)r
2
2 (S16)

=⇒ −∂φ(r)

∂r
=

1

ε

1

r21

r1∫

0

dr2ρ(r2)r
2
2. (S17)

To obtain the electrostatic potential profile φ(r), integrating both sides of the above equation

from r to R (the maximum radial distance possible due to the finite size of the simulation

box under periodic boundary condition)

=⇒ φ(R)− φ(r) = −1

ε

R∫

r

dr1
1

r21

r1∫

0

dr2ρ(r2)r
2
2. (S18)

Note that this equation is the same as Eq. 9 in the main text. The surface or ζ-potential

of the protein is defined as the electrostatic potential at one ionic diameter away from the

protein surface. So, the ζ-potential is evaluated from the above equation using the charge

density ρ(r) obtained from the simulation as, ζ = φ(R) − φ(Rh + 2rc). Here, Rh is the

hydrodynamic radius of the protein obtained to be 36 Å from dynamic light scattering

experiments,S9 and rc is the effective radius of the counterion. The values of the parameters

used to obtain the ζ-potential are provided in the Methods section in the main text.
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Table S1: Structural parameters (such as the coordination number of the ion, Nhyd, and
the ion–oxygen distance for water present in the ion’s 1st solvation shell, d1stSSI−O , and 2nd
solvation shell d2ndSSI−O ) and entropy (∆Shyd) of ion hydration obtained from simulations. The
corresponding experimental values are given within the brackets. The calculated values for
d1stSSI−O , d2ndSSI−O , and Nhyd are in quantitative agreement with the corresponding experimental
values.S10,S11 The computed values of ∆Shyd match well with the experimental valuesS12 for
all the ions, except for Na+. The ∼50% overestimation in the calculated ∆Shyd for Na+ may
be due to the inaccurate estimation of the entropy of a water molecule present in the 2nd
SS of Na+. The lifetime of a water molecule in the 2nd SS of Na+ ion is 10–15 ps. Within
this short time period, the velocity–velocity autocorrelation—which is needed to obtain the
spectral density-of-states that serves as an input for the 2PT entropy calculationS3,S4— is
not well converged.

Ion d1stSSI−O (Å) d2ndSSI−O (Å) Nhyd ∆Shyd (J mol−1 K−1)
Na+ 2.35±0.05 (2.34) 4.55±0.05 (—) 5.7 (5.6±0.3) -168.08±20.94 (-111.2)
Ca2+ 2.45±0.05 (2.46) 4.65±0.05 (4.58) 8.0 (8) -270.57±39.89 (-252.4)
Mg2+ 2.05±0.05 (2.09) 4.25±0.05 (4.35) 6.0 (6) -316.09±2.72 (-331.2)
Y3+ 2.35±0.05 (2.37) 4.50±0.05 (4.40) 9.0 (8) -460.77±29.96 (-482.5)
Cl− 3.15±0.05 (3.14) 5.05±0.05 (4.99) 7.2 (7) -71.56±9.43 (-75.7)

Table S2: In the process of a cation binding to the protein, the average numbers of water
molecules released from the protein surface and the first and second solvation shells (SS) of
the cation are given at each temperature for the different cations.

System Temperature Protein 1st SS of cation 2nd SS of cation
283 4.37 2.47 4.65

Protein in NaCl 303 4.55 2.52 5.68
323 4.39 2.82 5.96
283 4.74 2.32 3.76

Protein in CaCl2 303 5.63 2.62 4.30
323 5.34 3.17 4.74
283 2.68 1.04 5.08

Protein in MgCl2 303 2.90 1.15 4.95
323 2.79 1.26 5.06
283 4.16 2.09 4.05
293 5.07 2.49 4.17

Protein in YCl3 303 5.10 2.47 4.81
313 5.61 2.69 5.29
323 5.40 2.87 5.29
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