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namic properties12–14. We then made use of this simple model

to conceive the protein hydration shell as an ellipsoid, thus loos-

ing the protein surface details, irrelevant in our investigation, but

gaining a very easy-to-employ model to properly reconstruct the

protein hydration shell shape and volume. It is worth to note

that within our knowledge, only a few theoretical-computational

studies on protein partial molecular volumes based on atom-

istic simulations have been attempted15–19. Such computational

works were based on isobaric-isothermal simulations (i.e. NpT

ensemble) thus making hopeless15 any reliable direct measure

of the protein partial molecular volume. This is due to the rel-

evant volume fluctuations of the MD simulation box providing a

large noise compared to the difference between the mean volume

of the protein-solvent and the pure solvent systems to be esti-

mated. Therefore in these theoretical-computational studies the

use of indirect measurements based on theoretical models involv-

ing approximations and extrapolations (typically the Kirkwood-

Buff theory20 coupled with the 3D-RISM method21) is manda-

tory. In this paper we present an efficient and accurate computa-

tional procedure, based on isochoric-isothermal MD simulations

(i.e. NVT ensemble), allowing a reliable direct evaluation of the

protein partial molecular volume from the protein-solvent and

pure solvent MD simulations and providing an explicit and quan-

titative description of the protein hydration shell and its relation

to the protein partial molecular volume.

2 Methods

2.1 MD simulations

The MD simulations were performed using the Gromacs software

package22. We utilized the amber99sb force field23 for the sim-

ulation of red blood cell bovine Ubiquitin (PDB code 3M3J), hen

egg white Lysozime (1LZT), bovine pancreatic Ribonuclease A

(7RSA) and Bacillus Amyloliquefaciens Barnase (2KF3) and the

gromos96 force field24 for sperm whale Myoglobin (5MBN). The

SPC model25 was used in the simulations to mimic the water.

Four, nine and two chloride ions were included in the simu-

lation boxes in order to neutralize the charge of Ribonuclease,

Lysozyme and Barnase, respectively. We used for all the simula-

tions cubic boxes of different size. All the systems were simulated

with periodic boundary conditions in the isothermal-isochoric en-

semble (NVT), using an integration step of 2 fs and keeping the

temperature constant (300 K) by the isokinetic temperature cou-

pling26, ensuring proper equilibrium distributions in configura-

tional space. All bonds were constrained using the LINCS algo-

rithm27 and for short range interactions a cut-off radius of 1.1

nm was employed. Note that the size of the cut-off radius must be

considered as a parameter of the atomistic force field and hence

its value affects the system observables, in particular for the pres-

sure evaluation. The particle mesh Ewald method28 was used

to compute long range interactions with grid search and cut-off

radii of 1.1 nm. We performed an initial 50 ns NVT simulation

of 1219 SPC molecules at 300 K, with a density corresponding to

the experimental liquid water density at the same temperature (≈

33.3 molecules/nm3), that we used as reference SPC simulation

(we used 33.321 molecules/nm3 providing, within our simula-

tion conditions, a pressure of about 560 bar). We then calibrated

the density of the boxes containing the SPC-protein solutions in

order to obtain within the NVT MD simulations a pressure identi-

cal, within the noise, to the one provided by the MD simulation of

the reference SPC box. In this way the SPC-protein systems could

be considered as obtained by inserting, isobarically, the protein

molecule into a SPC box at the same temperature and pressure

of the reference SPC box, thus mimicking the experimental con-

ditions of solvating protein molecules into liquid water (in the

following subsection we discuss the accuracy and limitations of

such an approximation). Note that for all the proteins the simula-

tion box was large enough to ensure at least 1.2-1.3 nm distance

between the protein surface and the box faces. After pressure cal-

ibration for each SPC-protein solution we performed one produc-

tive MD simulation lasting 20-40 ns. In addition, we performed

four 10 ns long NVT simulations of SPC molecules at 300 K with

different liquid state densities (i.e. 33.09, 33.22, 33.39 and 35.10

molecules/nm3). Such pure SPC simulations, including the ref-

erence one, provided a basic linear dependence of the pressure

versus the density which we used to estimate the pressure noise

(≈ 10 bar) in the simulations. By propagating this error we ob-

tained the density standard error of the pure SPC box at the same

temperature and pressure of the SPC-protein simulation and con-

taining the same number of SPC molecules (i.e. the box ideally

used to insert isobarically the protein). Such a standard error

(0.014 molecules/nm3) was then used as the standard error of

the bulk SPC water and to estimate the standard error of the pro-

tein partial molecular volumes. Note that in all the SPC-protein

MD simulations performed we did not observe, as expected, any

unfolding process and hence our simulation results are fully con-

sistent with characterizing the proteins native state behaviour.

2.2 Nanoscopic size effects on NVT versus NpT equilibrium

distributions

In an isothermal-isochoric ensemble, the free energy function

describing the thermodynamics of the system is defined by the

numbers of particles N, the temperature of the system T and

the volume V of the system, i.e. the Helmholtz free energy

A = A(N,V,T ). Considering the i-th state defined by the i-

th value/interval of a generic observable of the solute-solvent

molecules in a NVT system with a volume V0 and equilibrium

pressure p0, the corresponding Helmholtz free energy can be writ-

ten as Ai = Ai(N,V0,T ). Removing the volume constraint, i.e.

making the system in its i-th state free to expand (or compress) to

reach the equilibrium pressure p0, the corresponding Gibbs free
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energy can be expressed by

Gi(N, p0,T ) = Ai(N,V0,T )−
∫ Vi

V0

pi(V
′)dV ′+ p0Vi (1)

where pi(V
′) is the pressure of the i-th state and Vi is the corre-

sponding equilibrium volume, i.e. the volume such that pi(Vi) =

p0.

For macroscopic systems, regardless of their chemical compo-

sition, we always have Vi = V0 ± dV ( i.e. V0 = Vi) thus leading

to neglect the integral in eq. 1 and hence Gi = Ai + p0V0 provid-

ing Gi −Gre f = ∆Gi = ∆Ai = Ai −Are f with Gre f and Are f the free

energies of a reference state. Therefore, for macroscopic systems

the equilibrium properties in the NVT or NpT ensemble are indis-

tinguishable as it follows from the definition of the NVT and NpT

equilibrium distributions for any observable χ

ρNV T (χi) =
e−β ∆Ai

∑ j e−β ∆A j
(2)

ρN pT (χi) =
e−β ∆Gi

∑ j e−β ∆G j
(3)

Conversely, when the system has nanoscopic size and therefore

it cannot be considered at full thermodynamic convergence (i.e.

the number of particles cannot be considered virtually infinite),

a finite variation between Vi and V0 must be taken into account

and it follows that at least a first order correction term should

be included in eq. 1. However, if the system is large enough

to ensure that only small variations from the equilibrium values

are to be considered, a linear relationship between pressure and

volume can be assumed leading to

Gi(N, p0,T )∼= Ai(N,V0,T )−
pi(V0)+ p0

2
(Vi −V0)+ p0Vi (4)

By choosing as reference state the one corresponding to the mean

observable value and hence reasonably assuming that for such a

state pre f (V0) ∼= p0 and Vre f
∼= V0, the Gibbs free energy change

with respect to the reference state is readily provided by

∆Gi
∼= ∆Ai −

pi(V0)+ p0

2
(Vi −V0)+ p0 (Vi −V0)

∼= ∆Ai −
∆Vi∆pi

2
(5)

with ∆Vi = Vi −V0 and ∆pi = pi(V0)− p0. From equation 5 it is

evident that ∆Gi and ∆Ai differ only for the term (∆Vi∆pi)/2 given

by the product of two first order corrections (∆Vi and ∆pi) and

hence corresponding to a second order correction term. There-

fore, considering that for reasonably large simulation boxes only

the first order correction should be significant we readily obtain

(neglecting the second order correction) ∆Gi
∼= ∆Ai, thus ensuring

the equivalence between the equilibrium distributions on the NVT

and NpT ensembles. Such considerations lead to the conclusion

that the use of a NVT simulation box including the protein hy-

dration shell and a significant amount of bulk solvent molecules,

once it has calibrated to provide the same pressure of the SPC ref-

erence box, should properly reproduce the equilibrium behaviour

of the same SPC-protein system in the NpT ensemble (i.e. the sys-

tem obtained inserting the protein isobarically into a large solvent

box at the same temperature and pressure of the SPC reference

box).

2.3 Protein volume and ellipsoidal layers

The protein excluded volume, i.e. the volume enclosed by the

solvent-accessible surface was obtained by Gromacs using a probe

radius of 0.14 nm, according to the method reported in Esisen-

haber et al29. By calculating the protein excluded volume at each

MD time frame of the simulations we obtained the protein mean

volume and the corresponding thermal distribution. In order to

characterize the solvent density around the protein we used the

approximation of treating the protein molecule as an ellipsoid de-

fined, at each MD time frame, by the eigenvectors and eigenval-

ues of the 3x3 geometrical covariance matrix of the x,y,z atomic

coordinates as described in recent papers30,31. In fact, the in-

stantaneous protein ellipsoid axes are defined by the three eigen-

vectors of the covariance matrix with the corresponding lengths

provided by the eigenvalues (considering a Gaussian atomic po-

sitional distribution along each eigenvector, we used as semi-axis

ai = 2

√

λi with i=1,2,3 and λi the eigenvalue of the i-th eigen-

vector). We then considered a set of ellipsoidal layers around

the protein defined by the consecutive ellipsoids with semi-axes

a
(n)
i = ai + nδ with fixed increment δ=0.03 nm. By calculating

at each MD frame the instantaneous SPC density within each

layer (disregarding the possible presence of protein atoms and/or

counterions) and averaging over the MD trajectory we obtained

the solvent density profile around the protein, within layers of in-

creasing distance from the protein ellipsoid surface (i.e. the layer

solvent density profile). Note that such a solvent density profile

does not account for the effect of non solvent atoms excluded

volume, thus providing always low density values within layers

including a significant number of protein atoms (typically, single

protein atoms can be still present in layers at 0.7-0.8 nm from the

protein ellipsoid surface while for layers beyond 1 nm virtually

no protein atoms are detected, data not shown). Therefore, the

differences among the protein SPC density profiles within the first

hydration layers (up to ≈ 0.3 nm) largely reflect the differential

protein atoms spatial arrangement and compactness.

3 Results and discussion

3.1 Protein hydration shell

In figure 1 we show the layer solvent density profile for the dif-

ferent simulated proteins, as a function of the distance from the
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Fig. 1 Layer density profile of the solvation SPC molecules of Ubiquitin

(black line), Ribonuclease A (red line), Myoglobin (green line), Barnase

(blue line) and Lysozyme (yellow line) as a function of the distance from

the protein ellipsoid surface.

protein ellipsoid surface as obtained via the procedure reported

in the methods section. For each of the protein under investi-

gation it is evident that the layer solvent density tends to the

bulk plateau value of ≈ 33.3 molecules/nm3 (i.e. the experimen-

tal density of the liquid water at room temperature and ≈ 1 bar

of pressure corresponding to our reference pure SPC density, see

the methods section). Each layer density profile approaches the

plateau at about 1 nm from the protein ellipsoid surface, thus

indicating that beyond such a distance the SPC molecules of the

protein-solvent system behave equivalently to the reference pure

SPC ones (note that beyond 1 nm from the protein ellipsoid sur-

face virtually no protein atoms are present). In figure 2 we report

as an example the layer solvent density profile of Ubiquitin in-

cluding, in the inset, its error bars (a single standard error) and

the 95% confidence interval for the bulk density (i.e. 33.293–

33.349 molecules/nm3). As it is clear from the figure, the solvent

density of the ellipsoidal layers placed beyond 1 nm or more from

the protein ellipsoid surface is, within the noise, indistinguishable

from the reference bulk density.

It is worth to note that the convergence of the layers densi-

ties to the reference SPC box density, demonstrates that the SPC-

protein simulation boxes used fit into the conditions discussed

in the methods section to reasonably ensure the equivalence be-

tween NVT and NpT equilibrium distributions/properties.

By using the hydration shell volume Vshell corresponding to the

volume of the ellipsoid defined by the boundary layer of the hy-

dration shell (as obtained by adding 1 nm to each semi-axis of the

protein ellipsoid), the number of SPC molecules within such an

ellipsoid nshell and the protein excluded volume Vex we can readily

obtain the mean solvent density within the accessible volume of

Fig. 2 Layer density profile of the solvation SPC molecules of Ubiquitin.

The inset shows the convergence of the density profile, with its standard

error, within the bulk density noise interval 33.293–33.349

molecules/nm3 corresponding to the 95% confidence.

the protein hydration shell, related to x-ray or neutron scattering

experiments, via

〈

nshell

Vshell −Vex

〉

∼=
〈nshell〉

〈Vshell〉−〈Vex〉
= ρshell (6)

and compare it with the solvent bulk density ρbulk. As it is shown

in table 1 the simulations of all the proteins we considered pro-

vided, by means of eq. 6, a hydration shell mean density of about

10 % higher then the bulk one, in excellent agreement with the

few experimental estimates of such a property1,32.

It is worth to remark that in order to characterize the pro-

tein hydration shell no need of a detailed description of the pro-

tein surface is required and thus the ellipsoidal approximation of

the protein geometrical shape is sufficiently accurate for our pur-

poses. Moreover, the use of the simple ellipsoid model to estimate

the protein excluded volume provides a rather reasonable repro-

duction of the protein mean excluded volumes (as obtained by

the MD simulations), thus indicating the good quality of this ap-

proximation (see table 2). The excluded volume, as provided by

the protein ellipsoidal model, is obtained by means of adding to

each protein ellipsoid semi-axis the solvent radius plus the effec-

tive mean thickness due to the excluded volumes of the protein

atoms over the ellipsoid surface (we used 0.14 nm as solvent ra-

dius and we estimated the ellipsoid surface mean thickness via

a numerical fit to protein partial molecular volumes, vide infra,

providing an effective value of 0.06 nm).
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Table 1 Mean solvent density within the accessible volume of the hydration shell and relative density increment with respect to the bulk density. The

standard error for the relative density increment is about 0.5%.

Ubiquitin Myoglobin Ribonuclase A Lysozyme Barnase

Shell density

(molecules/nm3) 36.355 36.848 36.711 36.757 36.733

Relative density

increment (%) 9.1 10.6 10.2 10.3 10.2

Table 2 Comparison of the mean protein excluded volume 〈Vex〉 with its

estimate as provided by the protein ellipsoid model 〈V ell
ex 〉 and their

relative deviations. All the volume values are reported in nm3/molecule.

〈Vex〉 〈V ell
ex 〉

Ubiquitin 13.99 14.74 5.36%

Lysozyme 22.15 22.66 2.25%

Ribonuclease A 21.48 24.66 14.80%

Barnase 19.37 21.19 9.39%

Myoglobin 27.04 26.68 1.33%

3.2 Volume fluctuations

From our productive MD simulations we were able to reconstruct

the probability distributions of the protein excluded volume, the

protein ellipsoid volume and the hydration shell volume.

In table 3 we report the mean values (V ), the standard devi-

ations (σ) and the relative standard deviations (σrel = σ/V ) of

the protein excluded volume (Vex), the protein ellipsoid volume

(Vell) and the hydration shell volume (Vshell). Note that Vell is the

volume of the protein ellipsoid as defined by the three semi-axes

(not to be confused with the ellipsoid based excluded volume es-

timate reported in table 2) and Vshell is the volume of the ellip-

soid obtained by adding 1 nm to each semi axis of the protein

ellipsoid. The small values of both the standard and relative stan-

dard deviations of the protein ellipsoid volume indicate that for

all the proteins investigated the protein shape does not fluctuate

much during the simulation, i.e. the ellipsoid best describing the

protein can be considered as almost a rigid body (the correspond-

ing three semi-axes have negligible relative fluctuations, data not

shown). It reasonably follows that the larger excluded volume

fluctuations must be essentially due to cavities and grooves be-

coming alternatively much or less accessible to the SPC probe.

However, such cavities fluctuations have no significant correlation

with protein inward/outward SPC fluxes (data not shown), indi-

cating that the cavities and grooves involved must be essentially

hydrophobic, thus avoiding any relevant increase of the number

of SPC molecules inside the protein even when a larger accessi-

ble volume is present. From table 3 it is also clear that for all

the proteins under investigation the hydration shell relative vol-

ume fluctuations (i.e. the relative standard deviations) are rather

small, being always ≤ 1.4%. Therefore, it follows that the hydra-

tion shell can be reasonably conceived as an ellipsoid with virtu-

ally fixed shape, volume and solvent density translating and ro-

tating according to the protein roto-translational motion, see fig-

ure 3 (note that the water molecules residence mean time within

the hydration shell is much shorter then protein roto-traslational

mean time). In figure 4 we report, as an example, the distribu-

tions of the relative protein excluded volume, the relative protein

ellipsoid volume and the relative hydration shell volume shifts

with respect to the mean values for the SPC-Lysozyme system.

Interestingly, from the equilibrium probability distribution of

the protein excluded volume it is possible to calculate the free

energy variation due to the change of the protein excluded vol-

ume, corresponding to the protein chemical potential change.

Considering the Gaussian shape of the excluded volume distri-

butions, we can express such a chemical potential change via

∆µ(Vex) ≈ kT (Vex − 〈Vex〉)
2/(2σ2

Vex
) where the angle brackets in-

dicate averaging over the equilibrium ensemble. In table 4 we

report the chemical potential increase to reach the excluded vol-

ume of the protein crystal structure (Vex,crystal) from the simula-

tion mean excluded volume, within the solution equilibrium en-

semble, and in table 5 we compare the crystal structure protein

ellipsoid volume with the corresponding mean ellipsoid volume

as provided by the MD simulations. From these tables it is ev-

ident that although for all the proteins investigated the overall

ellipsoidal shape and size in the crystal structure are very close to

the simulation equilibrium values (relative deviations about 5-6%

), for the largest proteins the crystal structure excluded volumes

are rather different from the corresponding simulation mean val-

ues (see table 2) being hence inaccessible by the thermal fluctu-

ations of the solution equilibrium ensemble. Such data indicate

that hydration, although not relevantly altering the protein shape

and size, induces a significant reduction of the water accessible

cavities probably due to hydrophobic compacting. Such results,

illustrating the possible effects of the crystallization interactions,

suggest that the crystal structure should be used with care when

evaluating typical observables of solvated proteins.

3.3 Protein partial molecular volume

On the basis of the results reported in the previous subsections,

we can safely consider that our productive SPC-water simulations

provide a reliable model of the solvated protein in typical experi-

mental conditions, thus allowing their use to evaluate subtle ther-
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Fig. 3 Representative hydration shells for the five proteins as obtained by using the ellipsoidal model.

Table 3 Mean values V (nm3/molecule), standard deviations σ (nm3/molecule) and relative standard deviations σrel of the protein excluded volume Vex,

protein ellipsoid volume Vell and hydration shell volume Vshell .

Ubiquitin Myoglobin Ribonuclease A Lysozyme Barnase

Vex

V 13.99 27.04 21.48 22.15 19.37

σ 0.58 0.98 0.72 0.81 0.62

σrel 0.041 0.036 0.035 0.037 0.032

Vell

V 9.58 18.73 17.22 15.64 14.26

σ 0.19 0.21 0.39 0.17 0.20

σrel 0.020 0.011 0.023 0.011 0.014

Vshell

V 58.88 79.60 74.95 70.72 66.78

σ 0.61 056 1.06 0.50 0.55

σrel 0.011 0.0070 0.014 0.0071 0.0082
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Fig. 4 SPC-Lysozyme distributions of the relative shift from the mean

value for the protein excluded volume (red line), the protein ellipsoid

volume (green line) and the hydration shell volume (black line).

Table 4 Chemical potential change for the 〈Vex〉 →Vex,crystal transition in

the solution equilibrium ensemble with Vex,crystal the excluded volume of

the crystal structure.

Vex,crystal ∆µ

(nm3/molecule) (kJ/mol)

Ubiquitin 13.27 1.91

Lysozyme 12.98 153.42

Ribonuclease A 19.24 11.97

Barnase 18.62 1.49

Myoglobin 21.38 42.42

Table 5 Comparison between the crystal structure protein ellipsoid

volume Vell,crystal with the corresponding mean protein ellipsoid volume

as provided by the MD simulations 〈Vell〉.

Vell,crystal 〈Vell〉
(nm3/molecule) (nm3/molecule)

Ubiquitin 9.97 9.58

Lysozyme 14.78 15.64

Ribonuclease A 16.67 17.22

Barnase 13.62 14.26

Myoglobin 19.59 18.73

Fig. 5 Correlation between the calculated protein partial molecular

volumes, as obtained by means of equation 7, and the experimental

values. Error bars correspond to plus/minus two standard errors of our

calculated values and the solid line is the plane bisector.

modynamic properties such as the protein partial molecular vol-

ume. In fact, from the definition of the partial molecular volume

of a solute v = (∂ V/∂ N)p,T,Nsolvent
(i.e. the partial derivative of the

system volume V with respect to the number of solute molecules

N at constant pressure p, temperature T and number of solvent

molecules Nsolvent), it follows

v =Vbox −
NSPC

ρbulk

(7)

where Vbox is the volume of the SPC-protein simulation box with

pressure identical, within the noise, to the pressure of the pure

SPC reference box, NSPC is the number of SPC molecules within

the SPC-protein simulation box and ρbulk is the density of the

pure SPC reference box (i.e. the bulk SPC density at 33.321

molecules/nm3). In figure 5 we show the correlation between

our calculated protein partial molecular volumes and the corre-

sponding experimental values33–35, together with the bisector of

the plane. Remarkably, the computational values we obtained

are, within the noise, indistinguishable from the experimental

corresponding values thus indicating not only, once again, that

the computational procedure used is reliable and accurate but

also that it can be utilized to obtain a proper evaluation of pro-

tein partial molecular volumes not experimentally characterized

yet.

The method described above provides a direct way to compute

protein partial molecular volumes from MD simulations, mim-

icking the experimental procedure of measure. In fact, we can

make use of the definition of the hydration shell to rationalize

and dissect the protein partial molecular volume in terms of ex-

cluded volume and hydration shell density. By using eq. 6 (i.e.
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Table 6 Comparison of the protein partial molecular volumes (v) as

obtained either via equation 7 or equation 9. For all the values reported

in the first column the standard error is about 0.3 nm3/molecule and for

the values reported in the second column the standard error is about

0.03 nm3/molecule.

v (eq. 7) v (eq. 9)

(nm3/molecule) (nm3/molecule)

Ubiquitin 10.30 9.90

Lysozyme 17.27 17.15

Ribonuclease A 16.04 16.03

Barnase 14.54 14.53

Myoglobin 21.67 21.47

〈Vshell〉−〈Vex〉= 〈nshell〉/ρshell) and the SPC bulk density ρbulk, we

can express the protein partial molecular volume v as

v = 〈Vex〉+ 〈nshell〉

(

1

ρshell

−
1

ρbulk

)

(8)

where obviously 〈nshell〉= ρshell(〈Vshell〉−〈Vex〉) and then

v = 〈Vex〉−η (〈Vshell〉−〈Vex〉) (9)

with η = (ρshell −ρbulk)/ρbulk corresponding to the relative den-

sity increment of the SPC molecules in the hydration shell acces-

sible volume with respect to the bulk density. When using eq. 9

to obtain the partial molecular volumes on the basis of the val-

ues of 〈Vex〉, 〈Vshell〉 and η as provided by the MD simulations,

we obtain indistinguishable partial molecular volumes, within the

noise, from the ones provided by eq. 7, thus showing that the es-

timate of 1 nm for the hydration shell thickness from the protein

ellipsoid surface we used for evaluating Vshell and η is consistent

and reliable (see table 6). Moreover, the partial molecular vol-

umes as obtained by eq. 9, reproducing the experimental values

with relative deviations always well below 5 %, are characterized

by a much smaller noise than the corresponding partial molecu-

lar volumes as provided by eq. 7. Therefore, in order to reduce

the statistical noise of our estimates, the use of eq. 9 can be pre-

ferred and even necessary when evaluating small partial molecu-

lar volume variations like the unfolding partial molecular volume

change.

Finally, eq. 9 can also furnish a simple expression to roughly

evaluate the protein partial molecular volume on the basis of only

the crystal structure, without using any MD simulation data (note

that although protein crystal structures may have excluded vol-

umes different from the corresponding solution mean excluded

volumes, see table 4, the protein crystal structure ellipsoid semi-

axes are always very close to the ones obtained by MD simula-

tions). In fact, when using the protein crystal structure ellip-

soid to estimate the protein mean excluded volume and hydration

shell volume (i.e. by adding to the crystal structure semi-axes for

the former 0.2 nm and for the latter 1 nm, see the subsection

Fig. 6 Correlation between the calculated protein partial molecular

volumes, as obtained by means of equation 9 and using the crystal

structure protein ellipsoid, and the experimental values for 15 different

proteins. The solid line is the plane bisector.

Protein hydration shell) and considering a fixed η value corre-

sponding to the mean value over the five proteins investigated

in this study (η̄=0.101), by means of equation 9 we can obtain

a general expression providing a rough estimate of the partial

molecular volume of any protein with known crystal structure.

Note that the effective mean thickness of the ellipsoid surface we

used (0.06 nm) was obtained by tuning its value in this rough

estimate of the partial molecular volumes in order to best repro-

duce the experimental partial molecular volumes over a sample

of 15 globular proteins33 including the 5 proteins investigated in

this paper (i.e. the thickness value such that the linear regres-

sion of the calculated versus experimental points coincided with

the plane bisector). Results are shown in figure 6 which clearly

indicates that for most of the 15 proteins considered the use of

such a simple and approximated procedure provides a rather rea-

sonable estimate of the partial molecular volume, thus confirm-

ing that η is about 0.1 in general for different proteins (the four

proteins significantly deviating from the model behaviour are, in

partial molar volume ascending order, Insulin, Pancreatic Trypsin

Inhibitor, Adenylate kinase and the Bence-Jones protein REI).

4 Conclusion

In this paper we showed that proper atomistic NVT MD simula-

tions can furnish a powerful tool to quantitatively characterize

the hydration shell and obtain a reliable estimate of the partial

molecular volume of solvated proteins. The computational pro-

cedure described, based on mimicking the isobaric insertion at

room temperature of a protein molecule in a pure solvent system,

provided an accurate reproduction of the experimental (native

state) partial molecular volumes of the five globular proteins we
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investigated in this work. These results illustrate the advantage

of using NVT simulations instead of NpT simulations in order to

suppress the large noise due to the simulation box volume fluc-

tuations, hence allowing a reliable direct estimate of the protein

partial molecular volume and its related properties. Moreover,

our data show the importance of using the experimental bulk sol-

vent density rather than the pressure to set up the MD simulation

box to be used. In fact, the simulation isobar identified by the

density (33.321 molecules/nm3) of the reference pure SPC box

(i.e. the experimental liquid water density at about 300 K) we

utilized to mimic the typical liquid water conditions for insert-

ing the protein molecule into the solvent, corresponds within our

simulation conditions to ≈ 560 bar instead of the experimental

≈ 1 bar. It follows that the use of protein-SPC simulations at ≈ 1

bar of pressure would result in a significantly lower solvent bulk

density leading to rather different and unreliable protein partial

molecular volumes and hydration shells. Our results also indicate

that, based on the solvent density analysis, the protein hydration

shell can be conceived as an ellipsoid with surface at about 1 nm

from the ellipsoid approximating the protein shape and charac-

terized by an inner solvent density within the accessible volume,

about 10% higher than the bulk density, in excellent agreement

with the few experimental data available.

All the data discussed in this paper show that when including

the whole hydration shell and a significant number of bulk solvent

molecules in the simulation box, a fully consistent behaviour with

hence reasonably converged estimates of the protein thermody-

namic properties can be achieved. Therefore, the computational

procedure presented is very promising and suited for systemat-

ically evaluating solutes partial molecular volumes and investi-

gating the hydration effects on protein properties including, in

particular, the observables involved in the unfolding transitions.
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