
REGULAR ARTICLE

On the transferability of fractional contributions to the hydration
free energy of amino acids

Josep M. Campanera • Xavier Barril •

F. Javier Luque

Received: 15 December 2012 / Accepted: 15 January 2013 / Published online: 2 February 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract This study reports the application of the quan-

tum mechanical self-consistent reaction field MST method

to compute the solvation profile in water of the twenty

natural amino acids. The aim is to derive intrinsic frac-

tional contributions to the hydration free energy and to

examine their transferability to peptides. To this end, IEF-

MST calculations have been performed at the B3LYP/6-

31G(d) level for the series of acetyl amino acid amides,

which were chosen as model compounds. In order to

account for the flexibility of both the backbone and the side

chain in deriving the hydration fractional contributions,

calculations have been performed for representative con-

formers taken from the Dunbrack’s backbone-dependent

conformational library. The results allow us to dissect the

hydration free energy into backbone and side chain con-

tributions and examine the conformational dependence

of the fragmental contributions to hydration. For the

backbone, different hydration contributions are found for

a-helical and b-sheet conformations, which mainly reflect

differences in the electrostatic contribution to hydration of

the carbonyl group. In contrast, the conformational flexi-

bility of the side chain is found to have little impact on the

fractional contribution to hydration. These findings should

be valuable to refine semiempirical methods for predicting

solvation properties of peptides and proteins in large-scale

genomic studies.

Keywords Hydration free energy � Continuum solvation

models � Atomic solvation profile � Amino acids � Peptides

1 Introduction

Solvation plays a crucial role in modulating the structure

and flexibility of proteins, as well as in mediating their

interaction with small ligands and other macromolecular

entities. The study of these challenging biological pro-

cesses and their functional implications is associated with

an understanding of the intrinsic solvation properties of

amino acid residues. In this context, it is not surprising that

many experimental studies have examined the solvation

preferences of amino acids in different environments,

paying particular attention to solvation in aqueous solution

and to the transfer free energies from water to a nonpolar

medium [1–9]. Alternatively, computational studies, gen-

erally based on the use of discrete treatments of solvation

coupled to free energy calculations, have also been used to

determine the solvation properties of amino acids [10–13].
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The solvation free energy (DGsolv) measures the

reversible work needed to transfer the solute from the gas

phase to solution at constant pressure, temperature and

concentration [14, 15]. It is convenient to decompose the

solvation of a solute into three steps: (1) creation of a

solute-shaped cavity in the solvent, (2) switching on the

steric properties of the solute inside the cavity and (3)

building up of the charge distribution of the solute. This

latter term gives rise to the electrostatic component of

DGsolv, whereas the two former contributions are generally

grouped into the ‘‘steric’’ or non-electrostatic term. A

plethora of theoretical methods relying on different for-

malisms has been developed to estimate the solvation free

energy [16–19]. Among them, quantum mechanical self-

consistent reaction field (QM-SCRF) continuum methods

have found widespread acceptance for the study of small

compounds in solution [20, 21]. The success of these

methods can be attributed to the rigorous physical basis of

their formalisms, the small increase in computational cost

compared to in vacuo calculations and the possibility to

examine the effect of solvation on the solute properties

from the wave function in solution. Finally, it is also worth

noting that the most elaborate QM-SCRF methods are

capable of estimating the solvation free energy of small

(bio)organic compounds with chemical accuracy, as noted

in the SAMPL challenges for prediction of hydration free

energies [22–29].

The application of these methods to larger systems such

as peptides and even proteins is limited by their large size

and the complexity of their conformational space.

Although the solvation free energy is a property of the

entire solute, it is however, useful to partition this quantity

into group contributions, since not all the fragments of the

solute interact with the same strength with the solvent

molecules. Thus, such a partitioning would be valuable to

identify chemical groups in the solute that display a

prominent contribution to the solvation, to explore the

dependence of the solvation free energy on conformational

changes that affect the spatial arrangement of fragments or

to examine their sensitivity to changes in the local envi-

ronment [30–32]. This partitioning scheme is implicitly

assumed for peptides and proteins, as the total solvation

free energy can be expressed as the sum of the solvation

contributions from the amino acid residues, which are

typically weighted by the ratio of the solvent accessible

surface area (SAS) of the residue in the protein and in the

fully solvent-exposed free residue [33–42]. In the frame-

work of QM-SCRF methods, partitioning schemes have

been developed for the Generalized Born-based SMx

model [43, 44], the COSMO-RS method [45, 46] and

within the MST model [47–50].

The aim of this study is to determine the fractional

contributions of backbone and side chain to the hydration

free energy of the twenty amino acid residues using the

partitioning strategy implemented in the IEF-MST model

[51]. Keeping in mind the wide range of physicochemical

properties covered by the natural amino acids and the

conformational flexibility of both backbone and side

chains, the transferability of these fragmental contributions

to the hydration is not fully guaranteed. Accordingly, our

first goal is to quantify the contribution of both backbone

and side chain to the hydration free energy of amino acids.

In addition, the influence of conformation flexibility on the

transferability of the fragmental contributions to hydration

will also be examined. Finally, the potential application of

the fragmental hydration contributions for predicting the

total hydration free energy of secondary structural elements

will be determined.

2 Methods

2.1 Molecular models and geometries

N-acetyl-L-amino acid amides (CH3–CO–NH–CHR–CON

H–CH3) were chosen as molecular models to study the

hydration contribution of the backbone and the side chain

for the twenty natural amino acids. Inclusion of acetyl and

methylamine capping groups allow us to build models of

amino acids in a context that mimics the local environment

of residues in a polypeptide. For the set of acidic (Asp, Glu)

and basic (Lys, Arg) amino acids, calculations were per-

formed for both the neutral and ionized species.

In order to examine the conformational dependence on

the hydration free energy, calculations were performed for

the set of most relevant conformations found in proteins

following the backbone-dependent conformational library

reported by Dunbrack and Karplus [52, 53]. This library

contains the probabilities of side chain conformations

(defined by a set of v angles) as a function of the backbone

dihedrals (u and w, based on a grid of 20 9 20�) in 132

protein chains taken from the Brookhaven Protein Data-

base (PDB). For our purposes here, calculations have been

performed for all rotamers with a probability contribution

higher to 5 % over the total conformational space of a

specific amino acid. In the case of Gly and Ala, which are

the simplest models of the peptide backbone, we have

chosen eight conformations that encompass the torsional

angles defined by the regions of the Ramachandran plot

associated with a-helical and b-sheet conformations.

Within these premises, up to 408 conformations were

selected for the whole set of natural amino acids. By using

this set of conformations, more than 90 % of the confor-

mational space is covered for 13 amino acids (Gly, Ala,

Leu, Ile, Val, Pro, Phe, Tyr, Ser, Thr, Cys, Asn and Asp).

For Met, Trp, His, Glu, Lys and Gln, it covers between 50
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and 90 % of the rotamers found in proteins. Finally, only

for Arg the coverage of the conformational space is lower

than 50 %, which reflects the higher flexibility of the side

chain for this residue. On average, more than 15 rotamers

are used to describe the conformational space of each

residue covering either a-helical or b-sheet structures (see

Table 1).

The initial structures of N-acetyl-L-amino acid amides

were generated automatically by using the obrotate pro-

gram from OpenBabel suite [54], which permits to rotate

the dihedral angle of a specified bond to fit a target value.

Then, all the structures were geometrically optimized while

keeping the backbone dihedrals fixed to the torsional val-

ues of the Dunbrack’s library. The geometrical optimiza-

tion was performed at the B3LYP/6-31G(d) level.

In addition, four pentapeptides that adopt a-helical and

b-sheet structures were extracted from selected crystallo-

graphic or NMR structures of polypeptides taken from the

Protein Data Bank (PDB) [55] and used as models to

examine the transferability of the intrinsic hydration free

energy contributions of amino acid residues. The residue

segments 27–31 of PDB entry 1SPF (Ile-Val-Gly-Ala-Leu;

from NMR [56]) and 38–42 of PDB entry 2P5K (Gln-Ala-

Thr-Val-Ser; from X-ray at 1.0 Å resolution [57]) were

chosen as a-helical model structures, while segments 265–

269 and 37–41 of PDB entries 1R6J (Val-Thr-Ile-Thr-Ile;

from X-ray at 0.73 Å resolution [58]) and 3PUC (Thr-Ala-

Ile-Trp-Thr; from X-ray at 0.96 Å resolution [59]),

respectively, were taken for b-sheet structures. In all cases,

the pentapeptides were capped with acetyl and methyl-

amine groups at both N- and C-terminus, and the hydration

free energy was determined from IEF-MST B3LYP/6-

31G(d) calculations.

2.2 Solvation calculations

The hydration free energy of molecular systems was

determined by using the B3LYP/6-31G(d) IEF-MST ver-

sion [60, 61], which relies on the IEF version of the PCM

model [62]. The reader is addressed to Ref. [51] for details

about the formalism of the MST model and the parame-

trization of the electrostatic, cavitation and van der Waals

components of DGsolv. Here, we limit ourselves to describe

the essential features of the partitioning scheme imple-

mented in the MST method [38, 39], where the hydration

free energy (DGhyd) is partitioned into atomic contributions

as noted in Eq. 1.

DGhyd ¼
XN
i¼1

DGhyd;i ¼
XN
i¼1

DGele;i þ DGcav;i þ DGvW;i

� �
ð1Þ

where N is the number of atoms.

Following a perturbative treatment of the solvent

response [47], the fractional electrostatic contribution of a

given atom is determined from the interaction energy

between the whole charge distribution of the molecule and

the apparent charges located at the surface elements per-

taining to the portion of the cavity generated from that

atom (Eq. 2).

DGele;i ¼
XM
j¼1
j2i

Woj 1
2

qsolj

rj � r
		 		 Woj

* +
ð2Þ

where Wo denotes the wave function of the solute in the gas

phase, and qsol
j stands for the apparent charge created on the

surface element j (located at rj) in response to the fully

polarized solute in solution.

The cavitation (DGcav) and van der Waals (DGvW) terms

are easily decomposed into atomic components taking

advantage of the relationship with the atomic contribution

to the solvent-exposed surface of the solute, as noted in

Eqs. 3 and 4.

Table 1 Number of conformers considered for each residue (with

a population larger than or equal to 5 %) and distribution between

a-helical and b-sheet conformations

Residue Total no.

conformers

a-helix

conformers

b-sheet

conformers

% Conformational

space covered

Gly 8 4 4 99.9

Ala 8 4 4 99.9

Leu 10 5 5 94.3

Ile 9 5 4 96.0

Met 28 12 16 80.3

Val 7 3 4 98.9

Pro 8 4 4 97.9

Phe 12 6 6 91.5

Tyr 14 6 8 96.2

Trp 24 10 14 84.1

Hisa 18 8 10 89.6

Ser 9 4 5 99.0

Thr 7 3 4 97.5

Cys 8 4 4 99.9

Asn 21 8 13 93.9

Gln 23 12 11 72.3

Asp 17 8 9 97.2

Glu 28 16 12 81.7

Arg 25 13 12 42.0

Lys 27 15 12 52.5

Total 408 201 207 –

The percentage of conformational space covered by the selected con-

formers is also given
a HIE, histidine residue protonated in the epsilon position
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DGcav;i ¼ Si
Stot;i

DGP;i ð3Þ

where DGP,i stands for the cavitation free energy of the

isolated atom i in Pierotti’s formalism [63], Si is the

solvent-exposed surface of such an atom and Stot,i denotes

the total surface of the atom.

DGvW;i ¼ Si ni ð4Þ
where ni is the atomic surface tension determined by fitting

experimental values.

On the basis of Eqs. 2–4, one can easily partition the

hydration free energy between contributions due to the

atoms pertaining to the backbone and to the side chain,

excluding the atoms in the capping groups (acetyl and

methylamine moieties), as well as to separate the contri-

bution of apolar and polar fragments of the side chain.

2.3 Computational details

Following the standard parameterization of the IEF-MST

model, molecular geometries of the amino acid residues

were optimized at the B3LYP/6-31G(d) level, but for the

torsional angles that define a given conformation in the

backbone-dependent conformational library (see above).

The optimized geometries were then kept frozen in MST

calculations in water. A similar strategy was adopted for

the pentapeptide systems, though the backbone dihedrals

were fixed to the values found in the crystallographic

structure. All calculations were performed using Gauss-

ian03 package [64]. In addition, besides MST calculations,

the hydration free energy of pentapeptides was also

determined at both MM-GBSA and MM-PBSA levels for

the sake of comparison. These calculations were carried out

by mmpbsa.pl script under the AMBER11 suite [65].

Finally, the multivariate partial least squares (PLS [66])

regression technique was used to extract the relevant trends

between the hydration free energy and the fragmental

contributions following the module implemented in the R

statistics package [67].

Due to the large number of calculations required to

examine the conformational dependence of hydration

properties and the analysis of the huge amount of

data derived from atomic contributions to DGhyd, Kepler

[68, 69] was used to set up a workflow environment to

extract the relevant conformers from Dunbrack’s library,

to build automatically the molecular geometries with

fixed torsional angles, to perform QM and QM-SCRF

calculations and to store all data in a Mysql database.

This workflow is available upon request to the authors.

Finally, the library of hydration fractional contributions

derived from the partitioning scheme is also available

upon request.

3 Results and discussion

3.1 Hydration free energies: comparison

with experimental data and other theoretical values

Table 2 reports the side chain contributions to the hydra-

tion free energy determined from IEF-MST calculations

(weighted by population of each conformer) for the amino

acid residues, as well as the experimental data determined

from dynamic vapour pressure measurements for a set of

molecules that can be considered analogues of amino acid

side chains [70]. The involvement of different molecular

structures in both IEF-MST calculations and experimental

measurements (i.e., the side chain bound to the peptide

backbone versus a small molecule that mimics the side

chain) makes it necessary to impose some caution regard-

ing the strict comparison of the corresponding hydration

values. As an example, let us note that the side chains of

small hydrophobic residues (Ala, Val, Leu and Ile) are

predicted to be less hydrophobic than the molecular ana-

logues. This difference, however, can be attributed to the

partial burial of the side chain atoms by the backbone and,

hence, less exposure to water compared to the analogue

compounds, reflecting the solvent-excluding effect of the

backbone on the fractional hydration of the side chain [38].

In spite of these considerations, it is worth noting that the

two sets of data exhibit a nice correlation (r = 0.96;

Fig. 1). The mean absolute error is close to 1 kcal/mol for a

range of hydration free energies of 13.2 kcal/mol (experi-

mental data varying from ?2.3 kcal/mol for isobutane to

-10.9 kcal/mol for N-propylguanidine as mimics of Leu

and Arg, respectively). Overall, these findings suggest that

the IEF-MST fragmental contributions reflect the influence

of the distinctive physicochemical properties of side chain

on the hydration of amino acid residues.

Table 2 also reports the hydration free energies deter-

mined for analogues of the amino acid side chains by using

other theoretical approaches, including either a solvent

interaction potential based on quantum mechanically

derived charges [71] or free energy calculations coupled to

Monte Carlo [38] and molecular dynamics simulations

[72]. The agreement between IEF-MST results and the

other theoretical values is significant (Fig. 1), as noted in

correlation coefficients ranging between 0.92 and 0.98 and

average absolute errors varying from 1.2 to 1.9 kcal/mol.

3.2 Backbone/side chain partitioning of the hydration

free energy

Table 3 shows the hydration free energy of the 20

N-acetyl-L-amino-acid amides decomposed into the con-

sidered backbone and side chain moieties, including the

contributions to apolar/polar fragments in the side chain as

Theor Chem Acc (2013) 132:1343
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well. For the sake of consistency with the molecular model,

Table 3 also reports the contributions of the capping

(acetyl, methylamine) groups added to mimic the envi-

ronment of the residue in a peptide chain. For neutral

residues, the hydration free energy of the N-acetyl-

L-amino-acid amides varies from -10.4 (Pro) and -24.7

(Arg) kcal/mol, whereas the DGhyd values of the residues

with charged side chains range from -68.0 (Asp) to -83.1

(Lys) kcal/mol.

The partitioning of the hydration free energy shows that

the contribution of the capping groups is almost constant

for the neutral residues. Their average values amount to-3.6

(acetyl; DGacetyl) and -2.5 (methylamine; DGmethylamine)

kcal/mol for methylamine, accounting for 40–50 % of

DGhyd. This indicates that the contribution of the capping

groups is rather independent from the nature of the neutral

residue and thus can be considered to be additive. How-

ever, this is not valid for ionic residues, as the capping

group contribution varies from -7.9 to 1.4 kcal/mol. In

fact, the fractional hydration can be realized from the net

charge of the residue and the length of the side chain. Thus,

the reaction field created by a positive charge tends to

favour the hydration of the methylamine group, while a

negative charge favours hydration of the acetyl group, this

effect being larger for residues with shorter side chains.

By excluding the contribution of the capping groups, the

hydration of the neutral residues ranges between -7.3 and

-18.5 kcal/mol. The backbone (DGbackbone) exerts a

favourable contribution to the hydration free energy, which

on average amounts to -5.1 kcal/mol (see Table 3; Fig. 2).

For ionic residues, however, the contribution becomes

more negative for Asp (-11.9 kcal/mol) and Glu

(-10.0 kcal/mol), but more positive for Arg (-3.7 kcal/mol)

and Lys (-3.4 kcal/mol). As noted above, these trends

reflect the perturbing effect due to the net charge of the side

chain. Moreover, as will be discussed later, these trends

suggest that the hydration of the backbone is primarily

determined by the contribution of the CO group compared

to the NH unit. On the other hand, the contribution of the

Table 2 Comparison between

the IEF-MST hydration free

energy of the side chain and the

values determined for side chain

analogues from computational

and experimental studies

Values in kcal/mol
a Ref. [71]; b Ref. [38];
c Ref. [72]; d Ref. [70]

Residue This work Side chain analogue Smitha Changb Pandec Exp.d

Ala -0.42 Methane 1.53 2.21 2.24 2.01

Leu 0.05 Isobutane 1.75 2.66 2.27 2.32

Ile 0.07 Butane 1.99 2.52 2.43 2.08

Met -2.21 Methyl ethyl sulphide -0.10 0.02 -0.35 -1.48

Val -0.06 Propane 1.89 2.49 2.34 1.96

Phe -1.67 Toluene -0.50 -0.70 -0.86 -0.89

Tyr -6.23 p-cresol -7.99 -4.91 -5.46 -6.12

Trp -6.03 Methylindole -5.36 -5.75 -4.88 -5.91

His -8.13 Methylimidazole -7.70 -8.52 -8.88 -10.26

Ser -4.62 Methanol -6.15 -4.56 -4.51 -5.10

Thr -4.45 Ethanol -6.32 -4.63 -4.22 -5.05

Cys -0.76 Methanethiol -0.22 -0.32 -0.55 -1.24

Asn -8.14 Acetamide -11.34 -8.54 -8.51 -9.71

Gln -9.34 Propionamide -10.24 -8.76 -8.63 -9.43

Asp -6.28 Acetic acid -10.53 – – -6.70

Glu -6.59 Propionic acid -9.35 – – -6.48

Lys -4.34 N-butylamine -2.03 – – -4.28

Arg -12.90 N-propylguanidine -10.20 – – -10.90
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Fig. 1 Correlation between the IEF-MST hydration free energy

(x axis) for the side chain of neutral amino acids and experimental

[70] or theoretical (Smith [71]; Chang [38]; Pande [72]) values

determined for side chain analogues. The dashed line represents a

perfect regression line with slope unity. Values in kcal/mol
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side chain exhibits the largest variance between residues,

thus reflecting the distinct chemical nature of the groups

present in the side chain (see Table 3; Fig. 2). In fact, there

is an excellent correlation between the fractional contri-

butions of the side chain (DGsidechain) and the total hydra-

tion free energy of the capped amino acids, as noted in

Eq. 5 (see also Fig. 3), where the independent term nicely

fits the addition of the average contributions due to the

backbone (DGbackbone; -5.1 kcal/mol) and capping acetyl

(DGacetyl; -3.6 kcal/mol) and methylamine (DGmethylamine;

-2.5 kcal/mol) groups. Overall, these findings strongly

support the separability of contributions due to both

backbone and side chains for neutral residues.

DGhyd ¼ 1:00DGside chain � 11:5ðr ¼ 0:98Þ ð5Þ

The separability between backbone and side chain

contributions is also supported by the results determined

for ionized residues (see Fig. 3). Compared to neutral

residues, however, one must take into account the different

Table 3 Decomposition of the conformation-weighted hydration free energy determined from IEF-MST calculations for the set of N-acetyl-L-

amino-acid amides

Residues DGhyd DGbackbone DGside apolar DGside polar DGacetyl DGmethylamine

Neutral

Gly -14.7 (1.7) -6.7 (0.6) -0.6 (0.3) 0.0 (0.0) -4.8 (1.0) -2.7 (0.9)

Ala -11.8 (1.5) -6.0 (1.0) -0.2 (0.2) 0.0 (0.0) -3.5 (0.6) -2.0 (1.1)

Leu -11.5 (1.2) -5.3 (1.3) 0.1 (0.2) 0.0 (0.0) -3.7 (0.3) -2.6 (0.5)

Ile -11.1 (1.0) -4.8 (1.3) 0.1 (0.2) 0.0 (0.0) -3.8 (0.2) -2.7 (0.7)

Met -13.9 (1.4) -5.3 (1.4) -0.5 (0.3) -1.7 (0.2) -3.7 (0.4) -2.7 (0.6)

alpha -15.0 (0.4) -6.4 (0.1) -0.7 (0.2) -1.7 (0.2) -4.0 (0.1) -2.2 (0.1)

beta -12.6 (0.4) -3.9 (0.6) -0.2 (0.1) -1.9 (0.2) -3.4 (0.3) -3.2 (0.4)

Val -11.2 (1.0) -4.6 (1.3) -0.1 (0.3) 0.0 (0.0) -3.8 (0.2) -2.7 (0.6)

Pro -10.4 (0.5) -3.9 (0.5) -0.7 (0.2) 0.0 (0.0) -3.6 (0.3) -2.3 (0.4)

Phe -13.1 (1.4) -5.0 (1.3) -1.7 (0.4) 0.0 (0.0) -3.8 (0.3) -2.7 (0.7)

Tyr -17.5 (1.2) -4.9 (1.3) -1.5 (1.7) -4.7 (0.1) -3.7 (0.3) -2.7 (0.6)

alpha -18.6 (0.6) -6.4 (0.5) -1.7 (0.5) -4.6 (0.2) -3.9 (0.2) -2.0 (0.1)

beta -16.7 (0.5) -4.0 (0.6) -1.3 (0.6) -4.7 (0.1) -3.6 (0.3) -3.1 (0.4)

Trp -17.4 (1.4) -5.2 (1.4) -2.4 (0.4) -3.7 (0.2) -3.7 (0.4) -2.4 (0.6)

His -18.6 (0.9) -4.7 (0.6) -0.6 (0.1) -7.6 (0.2) -3.5 (0.2) -2.2 (0.1)

Ser -16.2 (1.2) -5.4 (1.0) -0.4 (0.1) -4.2 (0.7) -3.6 (0.4) -2.6 (0.4)

Thr -15.5 (2.1) -4.7 (1.2) -0.4 (0.1) -4.1 (0.3) -3.8 (0.4) -2.5 (0.8)

Cys -11.7 (1.4) -4.6 (1.2) -0.5 (0.1) -0.3 (0.2) -3.4 (0.3) -2.9 (0.8)

Asn -19.7 (1.8) -5.6 (1.6) -0.4 (0.2) -7.8 (0.9) -3.3 (0.3) -2.6 (0.8)

Gln -21.1 (1.7) -5.6 (1.4) -0.9 (0.3) -8.5 (0.6) -3.6 (0.3) -2.6 (0.7)

alpha -22.0 (1.2) -6.4 (0.5) -1.5 (0.2) -8.5 (0.7) -3.8 (0.2) -2.3 (0.1)

beta -19.7 (0.8) -4.3 (0.8) -0.6 (0.2) -8.5 (0.5) -3.3 (0.2) -3.0 (0.7)

Asp -17.6 (1.6) -5.4 (1.2) -0.6 (0.2) -5.7 (0.3) -3.5 (0.3) -2.4 (0.5)

Glu -18.5 (1.6) -5.8 (1.2) -0.7 (0.3) -5.9 (0.4) -3.7 (0.4) -2.5 (0.5)

Arg -24.7 (1.5) -5.6 (1.2) -0.7 (0.4) -12.2 (0.5) -3.7 (0.4) -2.5 (0.5)

Lys -16.2 (1.2) -5.7 (1.2) -0.1 (0.2) -4.3 (0.2) -3.7 (0.4) -2.4 (0.5)

Charged

Asp -68.0 (4.3) -11.9 (1.6) -0.3 (0.6) -48.7 (3.9) -7.9 (1.3) 0.9 (0.8)

Glu -73.5 (4.6) -10.0 (1.7) -1.6 (1.1) -56.0 (5.3) -7.4 (1.1) 1.4 (0.5)

alpha -73.4 (1.5) -10.6 (0.9) -1.5 (0.2) -55.5 (0.4) -7.0 (0.2) 1.2 (0.2)

beta -73.8 (0.6) -8.8 (0.7) -1.8 (0.1) -56.9 (0.3) -8.0 (0.3) 1.8 (0.5)

Arg -76.1 (4.5) -3.7 (1.6) -9.8 (1.3) -54.5 (3.1) -1.8 (0.9) -6.3 (1.4)

Lys -83.1 (5.3) -3.4 (1.4) -18.8 (1.7) -53.2 (4.0) -1.6 (0.9) -6.1 (1.2)

The conformation-weighted average and the standard deviation (in parenthesis) are shown for each hydration component. For selected residues,

the values determined for a-helical and b-sheet conformations are also tabulated. Values in kcal/mol
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hydration contribution of the backbone, which is reflected

in the shift of the values determined for Asp and Glu from

the ideal regression line, as well as in the larger unsigned

mean deviation from the dashed line for charged residues

(3.3 kcal/mol) compared to the neutral ones (1.2 kcal/mol).

This trend is less apparent for Lys and Arg due to the larger

length of the side chain.

The effect of the conformational flexibility on the

hydration free energy is encoded in the standard deviation

of the conformation-weighted fractional contributions. For

neutral residues, the standard deviation of the side chain

component is generally lower than 0.7 kcal/mol, but for

the backbone, it is generally comprised in the range

1.2–1.6 kcal/mol, which indicates a larger conformational

dependence of the backbone hydration. In fact, the PLS

multivariate analysis of the distinct fractional contributions

reveals a distinctive trend between the conformation of the

backbone and its hydration, so that the a-helical confor-

mation is found to be better hydrated (by around 2 kcal/

mol) than the b-sheet structure (see Fig. 4). This effect is

illustrated for Met, Tyr and Gln in Table 3, which reports

the values determined for the structures pertaining to

a-helical and b-sheet conformations. It is worth noting the

drastic reduction in the standard deviation within both

subgroups compared with the whole set of conformations

for those residues. As noted in previous studies [73], this

trend can be realized by the fact that the parallel dipoles

of the adjacent peptide groups in a-helices reinforce

the interaction with water molecules compared to the

antiparallel dipole arrangement found in b-sheets. The

other fractional components, particularly the side chain,

have a minor effect in modulating the hydration free energy

in a-helix and b-sheet structures.

To gain further insight into the backbone hydration, we

have extended the PLS analysis to the contributions due to

the backbone atoms. The results point out that the domi-

nant component to the hydration, hence, to the conforma-

tional dependence of the backbone, comes from the

carbonyl oxygen (see Fig. 5). Thus, the fractional hydra-

tion of this atom amounts to -3.5 kcal/mol in the a-helical

conformation and to -2.5 kcal/mol in the b-sheet

arrangement. Then, this single atom accounts for up to

60–70 % of the backbone contribution to the hydration free

energy. For the sake of comparison, the average contribu-

tion of selected side chain heteroatoms amounts to -1.5 for

S in Met, -2.3 for O in Ser, -3.9 for O in Gln, -2.0 for N

in Gln and -2.0 for N in His.

In summary, the analysis of the fractional hydration con-

tributions supports the additivity of backbone and side chain

contributions for neutral and charged residues, even though it

seems necessary to assign different hydration contributions to

the backbone of negatively charged residues (Asp, Glu). On

the other hand, while the conformational preferences of the

side chain are found to have little impact on the hydration

contribution, the backbone exhibits a larger sensitivity to the

peptide conformation, suggesting the convenience to assign

distinct hydration contributions for predicting solvation pat-

terns of a-helical and b-sheet conformations.
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Fig. 2 Representation of the fractional contributions to the hydration

free energy due to backbone and side chain (polar/apolar) fragments

for the set of neutral amino acids. The results are ordered according to

the total hydration free energy of the residue. The plot also includes

the standard deviation around the total hydration free energy (tick
marks). Values in kcal/mol

Fig. 3 Representation of the total hydration free energy of residues

(corrected by subtracting the average contributions due to backbone

and capping groups) versus the fractional contribution of the side

chain for the whole set of conformations chosen for neutral and

ionized residues. The dashed line represents the hypothetical

behaviour where backbone, side chain and capping groups show

perfect additivity. Values in kcal/mol
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3.3 Free energy-type decomposition of the hydration

free energy

For computational purposes, it is widely accepted that the

solvation free energy can be decomposed into electrostatic

and non-electrostatic components. Accordingly, it is con-

venient to examine the conformation-weighted contribu-

tions of electrostatic, cavitation and van der Waals

components to the hydration of both backbone and side

chain (see Table 4).

For the backbone, the cavitation free energy has a

constant contribution of 6.6 kcal/mol, which is compen-

sated by the similar contribution of the van der Waals and

electrostatic terms, which have average values of -5.9

and 6.3 kcal/mol, respectively. The electrostatic compo-

nent accounts for the conformation-dependent hydration of

the backbone, as it is found to favour a-helices by

1.8 kcal/mol compared to b-sheets. The different size of

the side chain gives rise to a sizable difference in both van

der Waals and cavitation contributions. For instance, this

latter term varies from 5.2 kcal/mol for Ala to 18.8 kcal/

mol for Trp. It is also worth noting that even for polar

residues the van der Waals contribution is similar or even

larger than the electrostatic one. Furthermore, even though

the presence of a net charge makes the electrostatic term

to be the dominant component to the side chain hydration,

the van der Waals term still has a significant contribution

to the hydration (ranging from 16 % for Asp to 31 % for

Arg).

For neutral residues, the conformational dependence of

the hydration free energy is associated with the electro-

static component of the backbone (DGback,ele). This is

illustrated for the distinct conformations of Met in Fig. 6,

which shows that the discrimination between a-helical and

b-sheet conformers is dictated by the DGback,ele component.

With regard to ionic residues, the variability introduced by

the electrostatic term of the backbone is overcome by

the electrostatic contribution of the side chain, which is the

main source for the conformational variability of the

hydration free energy. In fact, the PLS analysis of the free

energy components at the atomic level (data not shown)

reveals that the electrostatic contribution of the carbonyl

oxygen of the backbone is the main responsible for the

distinction between a-helical and b-sheet conformations.

Minor contributions to the conformational dependence of

hydration are also due to the hydrogen atom of the back-

bone NH unit and to the heteroatoms in the side chain. The

rest of atomic fractional contributions only play a marginal

role. Overall, these findings point out that the electrostatic

term is implicated in the conformational dependence of

hydration, in agreement with previous studies [74, 75] that

highlighted the importance of electrostatics in explaining

the hydration of peptides.

Fig. 4 PLS multivariate analysis between the total hydration free

energy (DGhyd) and its backbone (DGbackbone), side chain (including

polar, DGside,polar and apolar, DGside,apolar, moieties) and capping

group (acetyl: DGacetyl; methylamine: DGmethylamine) components for

the 28 conformations chosen for N-acetyl methionine amide. The plot

shows the distribution of the conformers according to the two main

latent variables (LV1 and LV2) derived from the PLS analysis, which

account for 93.5 and 4.2 % of the variance in hydration free energies.

Dots denote the conformations and arrows correspond to fractional

contributions

Fig. 5 PLS multivariate analysis between the total hydration free

energy (DGhyd) and the atomic contributions for the 28 conformations

chosen for N-acetyl methionine amide. The plot shows the distribu-

tion of the conformers according to the two main latent variables

(LV1 and LV2) derived from the PLS analysis, which account for

86.0 and 2.5 % of the variance in hydration free energies. Dots denote

the rotamers and arrows correspond to the fractional contributions
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3.4 Hydration free energy of peptide models

A direct application of the intrinsic per residue hydration

of amino acids is the prediction of the solvation properties

of peptides, since it can be assumed that the solvation of a

given residue can be determined by weighting the intrinsic

hydration by the fraction of the residue surface that remains

exposed to the solvent [41]. This affords a simple but

computationally fast approach that might be useful for

estimating the solvation properties in structural genomics

and other large-scale studies. In this context, the suitability

of the IEF-MST fractional hydration contributions has been

calibrated by predicting the hydration free energy of four

pentapeptides extracted from PDB entries 1R6J, 3PUC,

1SPF and 2P5K (see Sect. 2). They were chosen to

encompass a-helical and b-sheet arrangements and

Table 4 Decomposition of the conformation-weighted hydration contribution of backbone and side chain into electrostatic, cavitation and van

der Waals components for the set of N-acetyl-L-amino-acid amides

Residues DGhyd Backbone Side chain

DGele DGvW
a DGcav

a DGele DGvW
a DGcav

a

Neutral

Gly -7.3 (0.3) -7.1 (0.6) -6.7 7.0 -0.6 (0.3) -1.4 1.5

Ala -6.2 (1.1) -6.3 (1.0) -6.4 6.7 -0.4 (0.1) -5.0 5.2

Leu -5.2 (1.5) -5.6 (1.3) -6.3 6.6 -0.5 (0.2) -15.0 15.6

Ile -4.7 (1.5) -5.1 (1.3) -6.2 6.5 -0.5 (0.2) -14.9 15.5

Met -7.5 (1.6) -5.6 (1.4) -6.3 6.7 -2.7 (0.3) -14.6 15.0

alpha -8.8 (0.3) -6.8 (0.1) -6.4 6.7 -2.08 (0.2) -14.6 15.0

beta -5.9 (0.5) -4.3 (0.6) -6.3 6.6 -2.5 (0.1) -14.6 14.8

Val -4.7 (1.5) -5.0 (1.3) -6.3 6.6 -0.5 (0.3) -11.7 12.2

Pro -4.5 (0.7) -4.6 (0.5) -4.8 5.5 -1.1 (0.2) -10.3 10.7

Phe -6.7 (1.6) -5.4 (1.3) -6.3 6.7 -2.0 (0.4) -16.6 17.0

Tyr -11.1 (1.5) -5.2 (1.3) -6.3 6.7 -6.5 (0.4) -17.9 18.1

alpha -12.8 (1.2) -6.7 (1.0) -6.4 6.7 -6.6 (0.3) -17.9 18.1

beta -10.1 (0.7) -4.3 (0.6) -6.3 6.6 -6.4 (0.3) -17.9 18.1

Trp -11.3 (1.6) -5.6 (1.4) -6.4 6.7 -6.6 (0.3) -20.4 20.9

His -12.8 (0.9) -5.0 (0.6) -6.3 6.6 -8.6 (0.3) -12.6 13.1

Ser -10.0 (1.2) -5.7 (1.0) -6.3 6.7 -4.5 (0.8) -6.5 6.4

Thr -9.2 (1.4) -5.1 (1.3) -6.2 6.6 -4.4 (0.3) -9.9 9.8

Cys -5.4 (1.2) -4.9 (1.2) -6.3 6.6 -2.5 (0.2) -6.0 7.8

Asn -13.8 (2.2) -6.0 (1.6) -6.3 6.6 -8.4 (0.9) -9.6 9.8

Gln -14.9 (1.8) -5.9 (1.4) -6.3 6.7 -9.7 (0.7) -12.9 13.4

alpha -16.0 (1.1) -6.8 (0.5) -6.4 6.7 -9.9 (0.6) -12.9 13.4

beta -13.3 (1.7) -4.6 (0.8) -6.2 6.6 -9.4 (0.6) -12.9 13.4

Arg -18.5 (1.7) -5.9 (1.2) -6.4 6.7 -12.5 (0.8) -19.8 19.4

Glu -12.4 (1.5) -6.1 (1.2) -6.4 6.7 -7.1 (0.4) -12.3 12.9

Lys -10.1 (1.3) -6.1 (1.2) -6.4 6.7 -4.5 (0.2) -17.1 17.4

Asp -11.6 (1.6) -5.6 (1.3) -5.0 5.2 -6.7 (0.5) -9.0 9.4

Charged

Asp -60.9 (5.0) -12.2 (1.6) -6.5 6.8 -50.0 (3.9) -7.9 8.9

Glu -67.5 (5.2) -10.3 (1.7) -6.3 6.7 -58.7 (5.4) -11.2 12.3

alpha -67.5 (1.3) -10.9 (0.9) -6.3 6.9 -58.2 (0.4) -11.2 12.3

beta -67.5 (0.8) -9.2 (0.7) -6.3 6.7 -59.8 (0.3) -11.2 12.4

Arg -68.0 (5.0) -4.0 (1.6) -6.3 6.7 -64.1 (3.3) -19.8 19.8

Lys -75.4 (5.8) -3.7 (1.4) -6.3 6.7 -72.4 (4.2) -17.3 17.7

The conformation-weighted average and the standard deviation (in parenthesis) are shown for each hydration component

For selected residues, the values determined for a-helical and b-sheet conformations are also tabulated. Values in kcal/mol
a Standard deviation values\0.1 kcal/mol
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sequences with distinct polar/apolar character. The hydra-

tion free energy determined for the four pentapeptides

from IEF-MST B3LYP/6-31G(d) calculations amounts to

-28.5, -32.6, -28.4 and -43.1 kcal/mol, respectively.

Two additive schemes have been used to estimate the

hydration free energy from fractional hydration contribu-

tions. In the first case, the hydration free energy was

determined by combining the conformation-weighted

fractional hydration contributions of both backbone and

side chain of amino acid residues by the fraction of the

solvent-exposed surface of the fragments in the peptide and

the free residue (as determined for the N-acetyl-L-amino

acid amide; Eq. 6).where Nres is the number of residues in

the peptide, DGi;free
X stands for the fractional contribution of

the fragment (X: backbone, apolar side chain, polar side

chain), and kiX denotes the fraction of solvent-exposed

surface of the fragment (Eq. 7).

kiX ¼ SiX

Si;free
X

ð7Þ

The second approach consists of an atom-based scheme,

which exploits the conformation-weighted atomic fractional

contributions derived from the set of conformation chosen

for residue i (Eq. 8).

DGhyd ¼
XNres

i¼1

XNat

j¼1

fijDG
i;free
j ð8Þ

where Nat is the number of atoms in the peptide, and fij is the

fraction of solvent-exposed surface of atom j in residue i.

The results point out that both fragment-based and atom-

based partitioning schemes yield very similar hydration

free energies (see Table 5). Compared to the IEF-MST

B3LYP/6-31G(d) values, the two fractional schemes

slightly underestimate the hydration free energy of the two

b-sheet peptides (by 1–3 kcal/mol). For the two a-helix

peptides, however, the fractional schemes underestimate

the hydration by 9 and 6 kcal/mol for 1SPF and 2P5K,

respectively.

In order to realize the different trends found for

a-helical and b-sheet peptides, we have compared the free

energy contributions to the hydration free energy deter-

mined from the IEF-MST partitioning scheme and from the

average contributions derived for the N-acetyl amino acid

amide compounds (see Table 6). For the sake of simplicity,

cavitation and van der Waals components are given toge-

ther, whereas the electrostatic component of both backbone

and side chain are given separately. The results show that

there is a close agreement for the non-electrostatic (cavi-

tation ? van der Waals) components upon scaling of the

conformation-weighted atomic contributions of residues by

the solvent-exposed surface. In fact, the RMSD determined

for the separate residues in the peptide models is only

0.2 kcal/mol. It is also worth noting the resemblance

between the electrostatic contributions of the side chain to

the hydration of the peptides. Thus, comparison of the IEF-

MST and fractional contributions for the separate residues in

the peptides yields a RMSD of 0.7 kcal/mol. Nevertheless, a

distinct trend is found for the backbone electrostatic term:

Fig. 6 PLS multivariate analysis between the total hydration free

energy (DGhyd) and the free energy components (electrostatic,

cavitation and van der Waals) for the 28 conformations chosen for

N-acetyl methionine amide. The plot shows the distribution of the

conformers according to the two main latent variables (LV1 and LV2)

derived from the PLS analysis, which account for 98.0 and 1.0 % of

the variance in hydration free energies. Dots denote the rotamers and

arrows correspond to the fractional contributions

DGhyd ¼
XNres

i¼1

kibackboneDG
i;free
backbone þ kisidechain

apolar

DGi;free
sidechain

apolar

þ kisidechain
polar

DGi;free
sidechain

polar

 !
ð6Þ
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while this component nicely fits the IEF-MST values for the

b-sheet peptides, it overestimates the contribution for the

a-helical ones.

It is worth noting that this effect cannot be relieved by

correcting the backbone electrostatic component for the

fraction of the solvent-exposed surface in the peptide and

in the free N-acetyl amino acid amide, as this approach

leads to an underestimation of the scaled values (-20.5 and

-20.4 kcal/mol for peptides 1SPF and 2P5K, respectively)

with regard to the IEF-MST ones (-27.9 and -25.8 kcal/

mol; see Table 6). In fact, this effect reflects the different

geometrical arrangement of the backbone in a-helical and

b-sheet peptides, and specifically the occlusion of the

backbone by the formation of hydrogen bonds in a-helices.

At this point, note that the carbonyl oxygen of residues 1

and 2 is hydrogen-bonded to the NH unit of residue 5 and

capping methylamine, respectively (Fig. 7). For these res-

idues, the deviation between IEF-MST and fractional val-

ues of the backbone electrostatic term is, on average,

2.7 kcal/mol, which should be attributed to the shielding of

the carbonyl oxygen due to intrahelical hydrogen bonds. In

contrast, for residues 3–5, where the carbonyl oxygen is not

directly involved in hydrogen bonds, the deviation between

IEF-MST and fractional values amounts to only 0.4 kcal/

mol. Overall, whereas the scaling by the solvent-exposed

surface is well suited for the non-electrostatic term, the

inclusion of correction factors that account for the shield-

ing of polar groups through hydrogen bonding might be

more advisable for the electrostatic component. In fact, the

addition of the surface-scaled non-electrostatic terms, the

hydrogen-bonded corrected backbone electrostatic term

and the unscaled side chain electrostatic component yield

hydration free energies very close to the IEF-MST values,

as noted in Table 7.

Finally, let us note that even though MM/PBSA and

MM/GBSA calculations lead to hydration free energies

that overestimate the IEF-MST values obtained for the

pentapeptides (see Table 7), there is a good correspon-

dence between the hydration contributions of residues

determined from the conformation-weighted fractional

contributions and from MM/PB(GB)SA computations, as

noted in the regression equations y = 1.26x (r = 0.92) and

y = 1.22x (r = 0.89), where y stands for the per residue

MM/PB(GB)SA hydration free energies and x for the

fractional ones (see Table S1 and Figure S1 in Supporting

Material). Keeping in mind the distinct nature of QM-

SCRF and classical calculations, the correspondence found

between residue contributions is remarkable and opens the

way to further calibrations of the fractional hydration

scheme for the widespread application to more complex

polypeptides, including the analysis of less populated

Table 5 Per residue decomposition of the hydration free energy of

selected pentapeptide models

Peptide IEF-MST Fragment-baseda Atom-basedb

b-sheet

1R6J

Val -4.0 -3.2 -3.3

Thr -8.8 -8.0 -8.1

Ile -3.6 -2.9 -3.3

Thr -8.4 -7.7 -7.6

Ile -3.7 -2.9 -3.4

Total -28.5 -24.6 -25.7

3PUC

Thr -8.7 -8.0 -8.0

Ala -4.1 -3.8 -3.3

Ile -4.3 -2.6 -2.9

Trp -9.5 -8.7 -9.6

Thr -6.0 -7.9 -7.7

Total -32.6 -31.0 -31.5

a-helix

1SPF

Ile -4.7 -3.3 -2.9

Val -3.3 -2.4 -2.3

Gly -6.8 -5.5 -5.3

Ala -6.9 -5.8 -5.3

Leu -6.7 -4.7 -4.0

Total -28.4 -21.6 -19.8

2P5K

Gln -16.0 -12.7 -12.4

Ala -5.3 -4.2 -4.6

Thr -6.0 -7.2 -6.7

Val -5.0 -4.1 -4.0

Ser -10.9 -9.1 -9.4

Total -43.1 -37.2 -37.0

Values in kcal/mol
a Eq. 6; b Eq. 8

Table 6 Decomposition of the hydration free energy of selected

pentapeptide models

Peptide Cavitation ? van

der Waals

Electrostatic

(backbone)

Electrostatic (side

chain)

IEF-

MST

Atom-

baseda
IEF-

MST

Atom-

based

IEF-

MST

Atom-

based

b-sheet

1R6J 3.0 2.4 -20.9 -20.6 -10.7 -10.4

3PUC 2.9 2.7 -21.2 -22.8 -14.2 -16.3

a-helix

1SPF 3.5 3.0 -27.9 -34.1 -4.0 -2.5

2P5K 2.6 2.0 -25.8 -32.8 -20.0 -19.6

Values in kcal/mol
a Scaled by the fraction of solvent-exposed surface
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main-chain conformations [76, 77] and nonadditivity effects

due to neighbouring residues [78, 79].

4 Conclusions

The IEF-MST formalism has been applied to investigate

hydration using a dataset that comprises the most repre-

sentative backbone-dependent conformational preferences

of amino acids and to dissect the hydration free energy into

fractional contributions. The results support the additivity

of fragmental contributions determined for backbone and

side chains for neutral residues. The hydration free energy

of the backbone has a dominant contribution to the

total hydration energy with an average contribution of

-5.1 kcal/mol, though it also has a significant dependence

on conformation. Thus, hydration of the backbone in

a-helix is found to be 1 kcal/mol more favourable than in

b-sheets, making it convenient to assign distinct fractional

contributions to these structures. On the other hand, the

different physicochemical properties of the side chain is

reflected in hydration free energies of the side chain

ranging from 0.1 kcal/mol in Leu or Ile to -12.9 in the

neutral Arg. For ionic residues, however, the permanent

charge in the side chain leads to nonadditive effects in the

fragmental contributions, which makes it necessary to

assign specific charge-dependent contributions to the

backbone.

The availability of conformational-weighted fragmental

contributions at the residue level permits to devise fast

strategies for estimating the solvation properties of pep-

tides and proteins in large-scale genomic studies. The

approach examined here relies on three main features: (1)

the partitioning of the hydration free energy between

backbone and side chain, (2) the distinction between

fractional contributions for the backbone representative of

distinct secondary structure conformations and (3) the

correction of the intrinsic hydration components by the

fraction of solvent accessibility for the non-electrostatic

term and by specific (hydrogen bond) factors for the

electrostatic term. The results obtained for a set of penta-

peptides are encouraging and support the computational

efficiency of this simple strategy compared to MM/

PB(GB)SA calculations. Future studies will be performed

to evaluate the implementation of additional refinements in

the formalism, mainly targeting the electrostatic response

in the backbone, and to calibrate the range of applicability

of the fractional-based solvation formalism.
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