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The ensemble of structural water in the X-ray structures

Table 1: Location of internal water in the X-ray structures of the EF-Tu and EF-1α proteins
that are retrieved by the slow hydration dynamics in the MD simulations. Residues are indicated
according to the numbering of our systems. To recover the numbering of the Pdb a shift of +7 a
dn +3 should be done for theM and H proteins, respectively. For the HB partners we indicate
the residue name and index, the chemical group location, i.e. backbone (bb) or side-chain (sc),
and the connectivity to other water molecules (w).

water in 1EFC (M ) location
wX−ray6018 SN

bb,Obb

166 ,WObb

177

w6027
X−ray HNbb

12 ,HNsc

15 ,TO
sc

108 ,V Obb

97

w6123
X−ray GO

bb

11 ,QOsc

107 ,w
water in 1SQK (H ) location

w6564
X−ray HNbb

11 ,V Obb

111 ,TO
sc

129

w6629
X−ray HNsc

14 ,Y Obb

119 ,TO
sc

129

w6123
X−ray GO

bb

11 ,QOsc

107 ,w
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The ensemble of long residence water molecules

The location, hydrogen bond connectivity and volume of the water molecules selected for the free

energy calculations are reported in table 2 and 3 for the mesophilic (M ) and hyperthermophilic

(H ) domains and for the three selected configurations, A, B, and C.
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Figure 1: Time evolution of the distances between the selected moleculeWi and a reference atom
in the cavity of the protein. The tree representative configurations Ai, Bi, Ci of the molecule
Wi were extracted are at time intervals indicated by the shaded area. The protein cavities are
indicated by p1 and p2. The label of the reference atom is reported on the left corner of each
plot.
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Figure 2: Frequency distribution of the number of long residence water simultaneously present
in the protein matrix. The kinetic cut-off is τr > 5ns.

Hydration free energy

In order to estimate the total free energy contribution of internal water an alternative formu-

lation for the mean occupancy ni can be used in eq. 8 in the main text.

ni =
1

1 + exp(β∆Gi − µ)
(1)

In principle, µ represents the bulk chemical potential of water, and should be zero as it is

already accounted for in the local hydration free energies. Yet in this case, due to partial overlap

between the sites, a direct estimate of occupancies based on our free energies would include some

double counting, and hence overestimate the total hydration number of the protein. Since this

overlap is impossible to quantify directly, we introduce a non-zero value of µ as an empirical

free energy correction, whose role is to ensure that the total predicted occupancy matches
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the average number of bound water molecules measured in long simulations. This alternative

formulation gives exactly the same estimate for ∆∆Ghyd: 1.3 kcal/mol in favor of H .

Error estimate ∆Ghyd

Propagating the error estimates for local water binding free energies into our estimator for

∆Ghyd (and neglecting the variance of ni), we find:

σ2(∆Ghyd) =
8∑

i=1

n2
i

3∑
k=1

(
exp(−β∆Gk

i )σ(∆Gk
i )
)2

(
3∑

k=1

exp(−β∆Gk
i )

)2 (2)

Stability curves

In order to evaluate the effect of the stability gain caused by internal hydration we have consid-

ered two model systems that have been characterised systematically from the thermodynamic

point of view. The first one is a pair of proteins similar to the ones studied in this work, namely

we selected the Elongation factor 1α from rabbit (eEF1a) and from the thermophilic bacterium

Thermus thermophilius (EF1a)2. The second model is a pair of homologues belonging to the

CheY family3. From the thermodynamic data that characterise the unfolding we have recon-

structed the stability curve for the proteins, see Figure S.3. The stability curve represents the

change in the unfolding free energy as a function of temperature and according to Hawley’s

equation4 it depends on the measured melting temperature Tm, the unfolding enthalpy at Tm,

Hm, and the unfolding heat capacity, ∆Cp. Pressure dependence is not considered here.

∆Gunf (T ) = −∆CP

[
T

(
ln
( T
Tm

)
− 1

)
+ Tm

]
+ ∆Hm

(
Tm − T
Tm

)
(3)
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The parabola have been upshifted by a constant quantity ∆∆Ghyd = 1.3 kcal/mol that repre-

sents the stability gain due to internal hydration as evaluated comparing the mesophilic and

the hyperthermophilic G-domains, see main text. As the plots show, the up-shift increases the

melting temperature by about 6 K. We also note that according to a recent study, in about

the 70% of the homologous protein pairs characterised thermodynamically, thermal stability

of (hyper)thermophiles is also achieved by a smaller ∆Cp of unfolding, or in other words by a

broadening of the stability curve. This implies that when up-shift is combined with a decrease

in ∆Cp, the effect on the melting temperature is even higher.
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Table 4: Free energy of hydration for the water molecules in the two pockets of the mesophilic
protein and for three independent configurations A, B, and C. Errors estimated for the unidi-
rectional transformation are reported in parentheses1. At T=300 K, the free energy to remove
a molecule from the bulk water system is ∆Gwat = 6.2(0.1) kcal/mol.

∆Ghyd (kcal/mol)
water A B C
wP1

1 -4.9(0.3) -4.2(0.6) -4.6(0.2)
wP1

2 2.7(0.2) -2.1(0.3) -0.9(0.3)
wP1

3 0.2(0.2) -1.5(0.3) -2.9(0.3)
wP1

4 -3.3(0.4) 1.9(0.3) 1.1(0.3)
wP1

5 -2.2(0.2) -0.5(0.2) -4.5(0.3)
wP1

6 -1.5(0.3) -1.4(0.3) -0.4(0.2)
wP1

7 -1.2(0.2) -1.8(0.4) -1.5(0.1)
wP2

1 -9.2(0.3) -3.5(0.4) -3.7(0.2)

Table 5: Free energy of hydration for the water molecules in the two pockets of the hyperther-
mophilic protein and for three independent configurations A, B, and C. Errors estimated for
the unidirectional transformation are reported in parentheses.

∆Ghyd (kcal/mol)
water A B C
wP1

1 -1.9(0.5) -1.8(0.3) -0.6(0.3)
wP1

2 0.1(0.3) -1.9(0.5) -2.4(0.3)
wP1

3 -0.5(0.4) -1.3(0.2) -2.1(0.3)
wP1

4 -1.6(0.3) -4.9(0.2) -0.2(0.3)
wP2

1 -0.7(0.3) -5.0(0.6) -3.0(0.6)
wP2

2 -3.4(0.4) -5.9(0.6) -3.8(0.3)
wP2

3 -3.7(0.3) -1.8(0.3) -7.2(0.3)
wP2

4 -3.6(0.3) -1.8(0.3) -1.6(0.4)
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Figure 3: Top panels. Stability curve (∆unfG(T )) as a function of temperature for the EF-
1α proteins from rabbit (left panel, green) and the T. thermophilus (right panel, red). Bottom
panels. Stability curve for CheY proteins from the mesophilic B. subtilus (left panel, green) and
from the hyperthermophilic T. marititima (right panel, red) organisms. The shifted parabola
are reported in each panel in dark green and dark red dashed lines, for the mesophilic and
(hyper)thermophilic specie, respectively.
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