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Figure S1: For each of the different ionic solutions, the total number of C1~ ions (N¢;) found
within a shell of width dr = 0.1 A, present at a shortest distance r from the protein surface,
is shown as a function of r for the simulation performed at 303 K. N¢(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 A 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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Figure S3: Time series showing events of cation binding and unbinding from the protein
surface at 303 K for each Na*t, Ca?", Mg?*, 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-
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atures for NaCl (A), CaCl, (B), MgCl, (C), and YCl; (D) solutions.
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Figure S5: The radial distribution functions (RDF) at 303 K for oxygen atoms of water
around Na™ (A), Ca?t (B), Mg?* (C), and Y*" (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 (—7'AS,) obtained from the
2PT method and that obtained from the temperature dependence of the ion-binding free
energy AG, (see Fig. 3A in the main text) using the thermodynamic relation (TR),
ASy, = —0AG,/0T. 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 AFEj, for the different
cations. The different lines are for guiding the eye. The error bars are the propagation errors
coming from the errors in AG, and AS, (see Eq. 1 in the main text).
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Figure S9: (top) Temperature dependence of the relative dielectric constant e, of NaCl
solutions. Open circles are experimental data for pure water,%' whereas open squares are
experimental data for 1 M NaCl solution.%? Curves represent polynomial fits to the data.
(bottom) First logarithmic derivative of €, which determines the exponent « of the scaling
law: €,(c,T) oc T,

0 In(e (¢, T))/ 0 In(T)
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Figure S10: Temperature dependence of the total entropy contribution —TAS, (A) and the
total energy contribution AE, (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'AS, and AFE,, 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'

oF(T,V
# =-S(T)=U(T)—-S(T)—-TS5(T).
or |,
In the above equation, we have used the relation: U'(T) = Cy = TS(T'), where Cy 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.5%5* 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.>® showed that the thermodynamic properties can be estimated by treating the
DoS of a fluid as a sum of solid-like (S*(v)) and gas-like (S9(v)) 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.% The gas part is described as

a low-density hard-sphere fluid. The velocity autocorrelation function decays exponentially

S5-12



for this model, 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(v) of a system is defined as the mass-weighted sum

of atomic spectral densities s¥(v)

S(v) = kBiT Z ijs?(y) : (S1)

where m; is the mass of the jth atom, k refers to the three Cartesian directions, and sf(y)

is given by:

, 2
TT I/;C (t) e—sz/tdt
T—00 fIT dt T—00 2T

Here, vF(t) is the kth component of the velocity of atom j. It can be shown that the
atomic spectral density sf(u) can be obtained from the Fourier transform of the velocity

auto-correlation function (VACF) ¢f(t)5

T

si(v) = lim ck(t)e ™ dt, (S3)
where ¢f(t) is given by:
1 T
k() = lim / V(4 () dt (S4)

Thus, Eq. S1 can be rewritten as:

N 3
k —i2mvt
S(v) = kBTflm/ Zkz:: m;c;(t)e tdt . (S5)
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More generally, it can be written as:

2 T A
T Tlgg() C’(t)e_’%”tdt : (S6)

Sv) =

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

from the center of mass velocity V;"(¢) of the ith molecule,

t) = Z (m Vi (). V7(0)) (57)

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

:ZZ Lijwij (t)wi; (0)) (S8)

i=1

where [;; and w;; 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 Cr(t) or Cg(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(v) = S9(v) + S*(v), using the fluidity factor f which is
a measure of the fluidity of a system. f is estimated in terms of the dimensionless diffusivity

A using the universal equation:S?

QNI IR GATE O — ATIP T2 L GATIP O L of —2 =0, (S9)

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

9 2/3 T\ /2
A(T, p,m, So) = SO( ) (WkB ) pH?, (S10)

the equation:

9N m

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

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

§(v) = — 20 (S11)

wSov
L+ 5]

Lin et al.5?

used the gas—solid decomposition scheme only for the translational DoS of
monoatomic fluids. In a later work, Lin et al.5* 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 Sy being Sy, (0) or S, (0) for the
translational and rotational cases, respectively. Once such decomposition of DoS is done,

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

functions with the corresponding weight functions as follows.

A, =B7" [/ dvSy, (V)W ., +/ dl/S;(V)WZ’m} : (512)
0 0

where m can be translational, rotational or vibrational. The weight functions are provided
in Ref.%* For the rigid TIP3P5® 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.,5” the volume of the shell surrounding the protein surface (V) where ions
are considered as bound is defined as Vy; = V3 — V0. Vipror is the volume of the protein
calculated by rolling a small probe sphere of radius 0.5 A on the protein. Vps 1s the volume

occupied by the protein and the shell around the protein that contains the bound ions, and
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Vps 1s calculated by rolling around the protein surface a probe sphere of radius 7,5, which
is equivalent to the contact distance of a bound ion from the protein surface. The volume
available for free ions (V) is defined as V; = Vjpp — Vps, where Vi, is the volume of the
simulation box. Note that the calculation of V) using this method is ad hoc and influences
the concentration of bound and free ions, and hence the value of AG}, (¢f. Eq. 3 in the main
text). We, therefore, varied r,; to get an optimized probe radius, such that the calculated

AG), matches the experimental AG} for Y3*, as shown in the figure below.
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Figure S11: Dependence of the binding free energy AG), on the probe radius r,, used for
defining the shell volume V;. The experimental data for Y3 is taken from Matsarskaia et
al.®8

4. The surface or (-potential calculation from the simula-
tion data

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

Poisson’s equation

V2 = —g, (S13)

in spherical polar coordinates. Here, ¢ is the electrostatic potential, p is the charge density,
and € 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, §, of BSA protein
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(6 =1-3[L.I,+ 1,1, + I.L)/[I, + I, + L.]*, where I, I,, and I, are the principal moments
of inertia) and find ¢ to be very small (= 0.0196 £ 0.0016). Now, ¢ and p are functions of
only the radial distance r. Under these considerations, Eq. S13 becomes

10 (72 0 ) o(r) = _p(r) (S14)

r2 Or or €

0

— ¥ (g = A7 (515
where the electric field £ = —Ehggf). Integrating both sides of the above equation from 0 to
™

1}
r2E(r)) = Z/dmp(rg)rg (516)
0
oo(r) 11 f

0

To obtain the electrostatic potential profile ¢(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)

R 1
— 0(R) = o(r) = —7 [ drizg [ draplea)r} (s18)
r 0

Note that this equation is the same as Eq. 9 in the main text. The surface or (-potential
of the protein is defined as the electrostatic potential at one ionic diameter away from the
protein surface. So, the (-potential is evaluated from the above equation using the charge
density p(r) obtained from the simulation as, ( = ¢(R) — ¢(Ry, + 2r.). Here, R) is the
hydrodynamic radius of the protein obtained to be 36 A from dynamic light scattering
experiments,>® and r, is the effective radius of the counterion. The values of the parameters

used to obtain the (-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, Nj,4, and
the ion—oxygen distance for water present in the ion’s 15 solvation shell, d}“gs , and 2"
solvation shell d2"%'5) and entropy (ASy,q) of ion hydration obtained from simulations. The
corresponding experimental values are given within the brackets. The calculated values for
dist3S) @#45S and Np,q are in quantitative agreement with the corresponding experimental
values. sio st The computed values of ASy,; match well with the experimental values®'? for
all the ions, except for Nat. The ~50% overestimation in the calculated ASy,q for Na®™ may
be due to the inaccurate estimation of the entropy of a water molecule present in the 27¢
SS of Na*. The lifetime of a water molecule in the 27¢ 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 calculation 5354
not well converged.

Ion d}‘fgs (A) d%EdOSS (A) Nhyd AShyd (J mol~ ! )
Na®  2.35+0.05 (2.34) 4.55+£0.05 (—) 5.7 (5.6£0.3) -168.08+20.94 (- 111 2)
Ca’t  2.4540.05 (2.46) 4.6540.05 (4.58) 8.0 (8) -270.57+39.89 (-252.4)
MgZ"  2.05+0.05 (2.09) 4.2540.05 (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)
CI-  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 1% SS of cation 2" 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 CaCl, 303 5.63 2.62 4.30
323 5.34 3.17 4.74
283 2.68 1.04 5.08
Protein in MgCly 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 YClj 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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