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The free energies of hydration of the 20 amino acids in their zwitterionic form, their shifts and the side-chain free energies ofpKa
transfer have been calculated using the Ðnite di†erence PoissonÈBoltzmann methodology. A comparison of the results obtained
with charge and size parameters from some popular force Ðelds used in modelling biomolecules is presented. The force Ðelds
considered include recent versions of AMBER, CHARMM, CVFF, GROMOS and OPLS, PARSE and an ab initio-derived
charge set. A general agreement between the theoretical predictions, emerging from each of the parameter sets, and experiment is
discernible. A critique on the current status of theoretical studies on amino acids in solution is also advanced.

Proteins play a key role in nearly all biological processes. The
basic structural units of proteins are amino acids. The side
chains of these building blocks di†er in size, shape, charge,
hydrogen-bonding capacity, hydrophobicity and chemical
reactivity. Individually and collectively, these side chains con-
tribute to the structure and function of proteins. Theoretical
and computer simulation studies on the thermodynamic
properties of amino acids and the role of electrostatics in par-
ticular, in this context, become very important in developing a
molecular view of how di†erent residues interact with each
other and with solvent and ion atmosphere. Such studies can
pave the way for investigations on protein structure, function
and conformational stability, nature of active sites of enzymes,
steric and electrostatic complementarities in proteinÈligand,
proteinÈDNA interactions etc. Knowledge of the contribution
of the individual amino acids to the electrostatic Ðeld and
energetics of proteins is of considerable value in designing
enzymes with enhanced or altered function and stability. Free
energies of transfer of amino acid chains can help predict the
stability of di†erent conformations of proteins. Calculations of

shifts of amino acids help in explaining complex titrationpKacurves, as well as in elucidating reaction mechanisms involv-
ing protons and recognition of proteins etc.

The study of inter- and intra-molecular interactions in an
aqueous environment is very complex. In recent years,
however, computer simulation methods such as Monte Carlo
(MC) and molecular dynamics (MD) have been applied to
biomolecular problems to study both electrostatic and non-
electrostatic e†ects, but these are computationally expensive.
Other methods based on the dielectric continuum solvent
approach have been found to be extremely useful in accurately
and expeditiously assessing the role of electrostatics in bio-
logical processes.1h13

Here, we present a study of the electrostatic properties of
the 20 amino acids calculated using the Ðnite-di†erence
PoissonÈBoltzmann (FDPB) methodology.14h22 More speciÐ-
cally, we report the electrostatic contribution to (a) free ener-
gies of solvation of amino acids at pH 7, in their zwitterionic
forms, (b) free energies of solvation of amino acid side chains
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as obtained with some recent parameter sets of AMBER,23
CHARMM,24 CVFF,25,26 GROMOS,27 OPLS,28 PARSE,29
ab initio-derived charges30 and (c) shifts in amino acidpKazwitterions. The results have been compared with available
experimental data.

Background
Theoretical studies on the solvation thermodynamics of
amino acids have taken a three-fold path. The Ðrst involves an
adaptation of the statistical mechanical principles in a molecu-
lar simulation context. The Metropolis MC,31 MD32 and
integral equation strategies33 to obtain free energies of solva-
tion, shifts etc., come under this category. The secondpKaapproach utilizes classical electrostatics in which analytical or
numerical solutions are sought for the Poisson or the
PoissonÈBoltzmann equation. This leads to a determination
of the electrostatic potentials and related properties of the
molecular system embedded in a solvent treated as a dielectric
continuum and salt as a di†use ionic cloud. The third involves
empirical approaches34h38 which relate free energies of solva-
tion to a PV or type term where V and denote excludedcSa Savolume and accessible surface area, and P and c are the free
energy parameters per unit volume and unit area respectively.
The P and c parameters are calibrated against experiment and
several computational procedures exist for the evaluation of
excluded volumes34,35 and accessible surface areas of the
molecular system on hand.39h41

Structure, energetics and conformational preferences of
alanine dipeptide in solution have been investigated by a
number of workers via computer simulations.42h47 The results
indicate that both the and conformations are prefer-aR PIIentially stabilized by hydration. Bash et al.48 applied a free
energy perturbation method in conjunction with MD simula-
tions to estimate the free energies of hydration of amino acids,
which were found to be in good agreement with the available
experimental data. Ben-Naim, Ting and Jernigan49,50 pro-
posed a statistical mechanical treatment to deal with solvation
e†ects on proteins and concluded that soluteÈsolvent hydro-
gen bonds constituted the largest component of the free
energy of solvation. A thorough account of the modelling of
the conformations of peptides and proteins both in vacuo and
in aquo was presented recently by Vasquez et al.51 and by
Brooks et al.52,53

Continuum electrostatic theory provides a rational and
computationally tractable approach to the problem of the
determination of electrostatic Ðelds in and around biological
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macromolecules since they incorporate the essential electro-
static features of the solvent and macromolecules, the dielec-
tric boundaries in the system, the ionic strength and the
locations and magnitude of the charges. The FDPB method is
one approach to an accurate assessment of the thermodyna-
mic properties of solutes in solution. In this method, the mol-
ecule, together with its environment, is mapped onto a cubic
grid and Ðnite-di†erence equations are set up on the grid. A
speciÐcation of the sites of charges and a suitable deÐnition of
the solvent-accessible surface enveloping these charges enables
a numerical determination of the electrostatic potentials
everywhere in the system. The electrostatic potentials or Ðelds
help in the study of solvation energies,17 pK shifts,54h56
binding energies, conformational analyses, enzyme active site
studies1 etc.

Solvation thermodynamics of amino acids in the dielectric
continuum approach have been examined by several workers.
Tanford and Roxby57 devised a computational method for the
calculation of hydrogen ion titration curves of proteins in the
framework of TanfordÈKirkwood theory and concluded that,
although the major perturbation of the acidic and basic
groups of proteins arises from electrostatic interactions
between charged sites, an accurate prediction of the pKavalues of individual groups was not feasible. Matthew and co-
workers (ref. 6 and references therein) introduced a static
accessibility TanfordÈKirkwood model to explain protein
titration curves. Further extensions of the TanfordÈKirkwood
model were recently reported by Karshiko†58 for a better
modelling of titration curves.

Gilson and Honig59 attempted to account for the observed
shifts in subtilisin by means of a continuum electrostaticpKamodel. They noted that the PoissonÈBoltzmann model gave

satisfactory results for both the magnitude and ionic strength
dependence of the electrostatic interactions. Antosiewicz et
al.60 described an accurate approach for the of ionizablepKasgroups in proteins. The accuracy was assessed by a compari-
son of the computed with 60 measured in sevenpKas pKasproteins. They suggest that a high protein relative permittivity
improves the overall agreement with experiment because it
accounts approximately for phenomena which tend to miti-
gate the shifts and which are not speciÐcally included inpKathe model.

Sitko† et al.29 calculated the free energies of hydration of
amino acid side chains and other small organic molecules
using the dielectric continuum solvent model. They investi-
gated the utility of several available parameter sets for free
energy of solvation calculations and examined the feasibility
of optimizing force Ðeld or ab initio-derived parameters
through either charge or radius scaling. This led to a new
simple set (PARSE) of charge and size parameters speciÐcally
for the FDPB method. Free energies of solvation of neutral
amino acid side chains were reported recently by Schmidt and
Fine61 with a continuum solvation model employing the
CFFÏ91 force-Ðeld parameters. Subsequently, Simonson and
Brunger62 assessed the accuracy of the free energies of solva-
tion estimated from macroscopic continuum theory via a cal-
culation of vapour-to-water transfer energies and shifts ofpKaabout 17 amino acid side chains.

Still et al.63 gave a semi-analytical treatment of solvation
which could be implemented in molecular mechanics and
dynamics programs. They demonstrated that the calculated
energies of hydration of small molecules were of comparable
accuracy to those obtained from contemporary free energy
perturbation results. The small molecules studied include
amino acid side chains. Lim et al.64 calculated the energies of
solvation and of model ionizable side chains of aminopKasacids using continuum dielectric methods and an integral
equation approach. They found that energies of solvation, cal-
culated with both continuum and integral equation methods,
agreed well with experiment, but not the values. TheypKa

suggested a charge reduction scheme to obtain experimental
energies of solvation and values. They reported that thepKachanges were very sensitive to the solution conformation.pKaSeveral empirical methods have been developed to study
the energetics of protein folding. Eisenberg and McLachlan38
described one such method for calculating the stability of
protein structures in water, starting from the atomic coordi-
nates. The basic assumption is that the free energy of hydra-
tion of the molecular system can be considered as a sum of the
contributions from individual atoms. The contribution of each
protein atom to the energy of solvation is estimated as the
product of the accessible surface area of the atom and its
atomic solvation parameter. Applications of this method
include estimates of the relative stability of di†erent protein
conformations, estimates of the free energy of binding of
ligands to protein and an atomic level description of hydro-
phobicity and amphiphilicity. Scheraga and co-workers devel-
oped an excluded volume approach34 to estimate solvent
e†ects on conformational stability and Ñexibility of peptides.
They also described a method based on accessible surface
areas65 for the inclusion of the e†ects of hydration in empiri-
cal conformational energy computations on polypeptides.
They evaluated the constants of proportionality, representing
the free energies of hydration per unit area of accessible
surface, for seven classes of atoms/groups (present in peptides)
by least-squares Ðtting to experimental free energies of solva-
tion of small monofunctional aliphatic and aromatic mol-
ecules. Sternberg et al.66 reported an algorithm for the
prediction of electrostatic e†ects in modelling shifts.pKaAs evident from the series of studies cited above, the solva-
tion thermodynamics of amino acid zwitterions has not
received much attention. In this study, we address this lacuna
with a state of the art methodology for determining electro-
static properties, namely the FDPB method, and relate the
results to classical electrostatic models developed by
Onsager67,68 and Kirkwood and co-workers.69h73 Also, a
number of new parameter sets were reported recently for
modelling amino acids and proteins.23h30 Some of these
appeared in the literature while this work was in progress or
nearing completion. This gave us an opportunity to assess the
performance of the diverse force Ðelds in predicting the elec-
trostatic properties of amino acid side chains in aqueous
media.

Calculations
The electrostatic contribution to the free energies of solvation
of all the amino acids in their zwitterionic form is calculated
using the FDPB method.15,16,25 The procedure involves a
speciÐcation of the Cartesian coordinates of each of the atoms
in the molecule, their partial atomic charges and sizes, relative
permittivity inside and outside the molecule, ionic strength
etc., and seeking a numerical solution to the PB equation. A
resolution of 0.25 per grid was employed in all the FDPBÓ
calculations. The principal property evaluated is the electro-
static potential from which other properties ensue as given
below.

The total electrostatic energies of the system in vacuum Av(e \ 1) and in water (e \ 80) are computed and hence theAwelectrostatic contribution to the free energy of solvation *Asolis obtained as

*Asol(elec)\ (Aw [ Av)

represents the energy to discharge the solute in vacuumAvand is the energy to recharge the solute in solvent water.AwThe reference state is thus the fully charged molecular system
in vacuum. The process by which the is computed*Asol(elec)is equivalent to estimating the work done in discharging the
molecular species in vacuum and charging it up in solvent and
hence the di†erence between the two total electrostatic ener-
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gies, and is identiÐable with the Helmholtz energy ofAv Aw ,
solvation of the molecular system.73,74

The atomic coordinates were generated and optimized in
vacuo using the Biosym software.25 The protocol followed
involved assignment of parameters from the CVFF force Ðeld
and further energy minimization to optimize the structure.
This was done by sequentially performing minimization using
steepest descent, conjugate gradient and NewtonÈRaphson
algorithms until the maximum derivative was less than 0.01
kcal or the total number of iterations was 1000. TheÓ~1
structures so obtained were employed for all the calculations
reported here. The e†ect of the solvent on the structure was
also considered and discussed below where appropriate.

In the amino acid zwitterion free energy of solvation and
the shift calculations, a simple formal charge model waspKaemployed, i.e. the positive charge on the amino group was
distributed over the three hydrogen atoms attached to the N-
terminal nitrogen and the negative charge was distributed
over the two carboxyl oxygens of C-terminal carbons. The
inner and outer relative permittivities were taken to be 2 and
80, respectively.

The shifts or the e†ective values of thepKa pKa a-CO2Hgroup and group of each amino acid are estimated ina-NH3`relation to a suitable reference system.

pKeff \ pKint] *pKa
Here is related to the intrinsic equilibrium constant inpKintthe absence of other charged sites and is the modiÐedpKeffvalue in the presence of coupling factors.75 is calculated*pKafrom the formula

*pKa \
/

2.303
\

(/1 ] /2)/2
2.303

where / is the potential in kT e~1 units59 at the target site of
the functional group undergoing dissociation, due to the pres-
ence of other charged groups or atoms, responsible for the
shift in values. The mean potential at the target is takenpKaas in the acetate group, which requires a consideration of the
potential at both oxygens.

In the side chain free energy of solvation calculations, the
main chain atoms were not considered but the Ca carbon was
replaced by a hydrogen atom. The side chain of proline
cannot be represented in this manner and hence has been
omitted. Our attempt here has been to characterize the charge
and radius parameters of the current force Ðelds in use for
biomolecular modelling, with regard to their ability to model
the electrostatic properties of the side chains. The parameter
sets considered were adapted from AMBER,23 CHARMM,24
CVFF,25,26 GROMOS,27 OPLS28 and PARSE.29 Ab initio-
derived charges of Chipot et al.30 were also tested with radii
from AMBER. The radii were calculated from the non-
bonded interaction parameters and correspond to the van der
Waals radii at which the non-bonded interaction energy is
zero rather than the radii at the minimum of the potential
well.

To enable a comparison with experiment, both electrostatic
and hydrophobic contributions are required. Hydrophobic
contributions were determined from a least-squares Ðt equa-
tion relating experimental energy of solvation76 of branched
and linear alkanes to their accessible surface areas The(Sa).of the hydrocarbons were calculated with each of theSasforce-Ðeld radii set separately. A line of regression for the sol-
vation energy as a function of the accessible surface area of
the form

*A
hÕ\ bSa ] a

was obtained, where b and a are constants, the slope and
intercept respectively, for the radii set. of the amino acidsSawere calculated with each force-Ðeld radii set and substituted
in the above equation to obtain the respective hydrophobic

contributions to the free energies of solvation. Several hydro-
phobicity scales exist for reÐned estimates.77 We chose a very
simple scheme.

Results and Discussion
Zwitterion solvation

The electrostatic contribution to the free energy of solvation
of all the 20 amino acids in their zwitterionic forms, i.e. at pH
7, calculated by the FDPB method are given in Table 1. All
the zwitterion free energies of hydration fall within the range
of [ 69.51 to [ 82.95 kcal mol~1 for amino acids with
neutral side chains, while these values are almost double for
amino acids with charged side chains, i.e. for arginine(]),
lysine(]), aspartate([) and glutamate([). These results can
be justiÐed if we consider the reaction Ðeld approach due to
Onsager for the solvation energy of a dipole embedded in a
spherical cavity67,68

*Asol\
A 1 [ e
1 ] 2e

B k2
a03

Here is the solvation energy, e is the relative permittivity*Asolof the solvent water, k is the dipole moment associated with
the molecule, and is the diameter of the low dielectrica0spherical cavity containing the dipole. All the amino acids in
their zwitterionic form may be considered as dipoles embed-
ded in a spherical cavity surrounded by the solvent. This
equation gives a quick numerical estimate of the Helmholtz
energy of dipolar solvation. The solvation energy for glycine is
[59 kcal mol~1 (for r \ 3.22 e \ 80). WeÓ, a0 \ 3.07 Ó,
have calculated this by assuming that glycine is embedded in a
spherical cavity of diameter which is estimated by takinga0the average of all diagonal distances of glycine. The dipole
moment is evaluated as k \ er, where r is the dipole length,
here taken to be the distance between the positive and nega-
tive charge centres in the molecule. Since k is almost the same
for all amino acids, it is only the factor which causes varia-a0tions in the values. For glycine, is the smallest, and isAsol a0expected to give the maximum value ([82.95 kcal mol~1,
Table 1), while others show variation due to di†erent a0values. In the FDPB method, molecules are not considered to
be embedded in a spherical cavity, but are embedded in a
cavity formed by their solvent accessible surface. This is one
reason for the larger values (Table 1) than expected from

Table 1 Electrostatic contribution to the solvation free energy (in
kcal mol~1) of amino acid zwitterions

*Asol(elec)

ALA [77.40
ARG [157.49
ASN [73.62
ASP [119.47
CYS [74.42
GLN [82.02
GLU [112.74
GLY [82.95
HID [76.74
HIE [71.80
HIP [140.83
ILE [69.51
LEU [81.13
LYS [132.27
MET [72.85
PHE [72.71
PRO [75.18
SER [77.15
THR [74.43
TRP [74.11
TYR [73.40
VAL [71.30
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OnsagerÏs simple analytical theory. Overall, trends expected
from OnsagerÏs theory and those obtained from the FDPB
studies are qualitatively similar. The FDPB method of course
involves rigorous numerical calculations, so improved esti-
mates are expected from the latter.

Structures obtained employing solvent conditions during
minimization were also used to calculate the solvation ener-
gies to capture the e†ects of structural relaxation in solvent.
The results obtained for these structures are ca. 15% more
negative with the formal charge model than with structures
corresponding to vacuum conditions. The solvation energies
of amino acids with charged side chains are even more nega-
tive (ca. 35%). A set of FDPB calculations for the structures
obtained both in vacuum and solvent was also performed with
the charges and radii corresponding to the CVFF force Ðeld.
Though the calculated values with these parameters are less
negative than those obtained with the formal charge model,
the trends in the solvation energies of the structures obtained
in vacuum and water remains the same as above.

Solvation energy calculations of zwitterions can be conÐg-
ured to estimate the desolvation contribution in the peptide
bond formation. The computed solvation energy of diglycine
zwitterion is around [ 131 kcal mol~1. This, taken together
with the glycine zwitterion solvation energy in Table 1 ([83
kcal mol~1) implies that the desolvation of individual zwitter-
ions resulting in a peptide bond costs ca. ]35 kcal mol~1.
Quantitatively more accurate estimates are expected with
better charge distributions employed together with a consider-
ation of the entropic contribution of the released water mol-
ecules.

shiftspK
a

shifts yield valuable information on intramolecular inter-pKaactions a†ecting the ionization equilibrium of the functional
group of interest. Calculating the values of small mol-pKaecules has been a problem of long-standing interest. Kirk-
wood, Westheimer and their co-workers70,72 used classical
electrostatics to approach the problem. Lack of a proper geo-
metric description of the molecular system and uncertainties
with regard to the spatial distribution of the charges limited
the accuracy of the results that were obtained. The availability
of improved structural data on amino acids and numerical

techniques to solve for electrostatic properties, facilitate a
reinvestigation of this problem. The calculated shifts forpKaamino acids are given in Table 2. No direct experimental
values are available for an assessment of the results. This
problem can be circumvented by choosing some appropriate
common reference system for all the 20 amino acids. Here,
amino acids are considered as substituted acetic acids in
which the two Hs on the group have been replaced byCH3and a side chain characteristic of each amino acid.wNH3`The e†ect of this positively charged group on thewNH3`acidity of acetic acid is calculated. Acetic acid has a ofpKa4.8.78 By shift is meant here how di†erent substituents onpKathe group in acetic acid inÑuence its intrinsic aciditywCH3and shift its value.pKaFor the reaction HA ] H`] A~

Ka \
[H`][A~]

[HA]

*G0 \ [RT ln Ka \ 2.303RT pKa
Suppose that the ionization reaction is coupled to some other
process or interaction75 as in this case, interaction of an a-

group with an The Gibbs energy changeNH3` a-CO2~.
involving this interaction is given by where subscript c*Gc ,
refers to coupling. The apparent is nowpKa

pKa \
*G0] *Gc
2.303RT

The e†ect of this is to shift the Depending on*Gc pKa .
whether is negative or positive, are shifted to lower*Gc pKasor higher values, respectively. In our case, is negative,*Gcowing to the interaction of the positive charge on wNH3`with the negative charge on the which facilitates thewCO2~
release of H` from the group, resulting in a decreasewCO2Hin values. We have calculated this electrostatic contribu-pKation (Table 2) and results are generally in good agreement
with the shifts derived from the reported experimentalpKavalues.75 Deviations, if any, may be due to the choice of the
reference system and small numerical errors associated with a
grid representation of the molecule.

Note that the quality of the results obtained with simpler
alternatives to FDPB method such as a uniform dielectric
model with e \ 80 everywhere is rather poor. The expected

Table 2 Calculated pK shifts

a-CO2Ha a-NH3` a

experiment *pK1(CO2H ] CO2~)b

pK1 pK2 expected calculated (FDPB)

ALA 2.3 9.9 2.5 2.7
ARG 1.8 9.0 3.0 3.3 (2.9)c
ASN 2.0 8.8 2.8 2.5
ASP 2.0 10.0 2.8 1.9 (2.6)
CYS 1.8 10.8 3.0 2.9
GLN 2.2 9.1 2.6 2.0
GLU 2.2 9.7 2.6 1.6 (2.2)
GLY 2.4 9.8 2.4 1.9
HIS 1.8 9.2 3.0 2.8
ILE 2.4 9.7 2.4 3.0
LEU 2.4 9.6 2.4 2.0
LYS 2.2 9.2 2.6 9.5 (2.3)
MET 2.3 9.2 2.5 2.8
PHE 1.8 9.1 3.0 2.8
PRO 2.0 10.6 2.8 4.4
SER 2.1 9.2 2.7 2.3
THR 2.6 10.4 2.2 2.7
TRP 2.4 9.4 2.4 2.7
TYR 2.2 9.1 2.6 2.7
VAL 2.3 9.6 2.5 2.8

a Ref. 75 ; of acetic acid of the amino acid, the magnitudes of the expected values are to be computed asb *pK1 expected\ pKa (4.8) [ pK1 *pK2of amino acid ; c values in brackets correspond to calculations with uncharged side chains.8.0[ pK2
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Table 3 Solvation free energies of amino acid side chains with AMBER parameters (in kcal mol~1)

molecule *Aelec(FDPB) *A
hÕ(Sa) a *Atot *Aexpt b error

ASN acetamide [19.07 2.04 [17.03 [9.70 [7.33
CYS methylthiol [4.00 1.92 [2.08 [1.24 [0.84
GLN propionamide [20.65 2.20 [18.45 [9.38 [9.07
HID methylimidazole [13.91 2.25 [11.66 [10.27 [1.39
HIE methylimidazole [11.62 2.25 [9.37 [10.27 ]0.90
SER methanol [8.80 1.83 [6.97 [5.06 [1.91
THR ethanol [9.00 2.02 [6.98 [4.88 [2.10
TRP methylindole [10.58 2.62 [7.96 [5.88 [2.08
TYR p-cresol [9.31 2.46 [6.85 [6.11 [0.74
ARG N-propylguanidinium ion [88.07 2.49 [85.58
ASP acetate ion [79.36 2.01 [77.35 [80.65 ]3.30
GLU propionate ion [77.46 2.18 [75.28 [79.12 ]3.84
HIP methylimidazolium ion [74.20 2.31 [71.89 [64.13 [7.76
LYS N-butyl ammonium ion [83.31 2.34 [80.97 [69.24 [11.73
ALA methane [0.11 1.79 1.68 1.94 [0.26
ILE butane [0.25 2.28 2.03 2.15 [0.12
LEU isobutane [0.45 2.27 1.82 2.28 [0.46
MET methyl ethyl sulÐde [1.87 2.28 0.41 [1.48 ]1.89
PHE toluene [2.47 2.42 [0.05 [0.76 ]0.71
VAL propane [0.24 2.14 1.90 1.99 [0.09

mean unsigned error 2.97

b ref. 82, 29.a *A
hÕ\(0.004 83^0.000 61)Sa](1.044 31^0.179 94) ;

shift in glycine with a distance of charge separation of ca.pKa3.2 and e \ 80 is 1.3 units which is o† by 1.1 units from theÓ
corresponding experimental value. This once again indicates
that a good description of the electrostatics requires proper
treatment of the shape of the molecule and dielectric inhomo-
geneities in the system1 at the continuum solvent level.

The e†ect of the carboxylate group on the dissociation of
the group has also been investigated. The calculatedwNH3`

shifts for the dissociation are of course identicalpKa a-NH3`to the computed shifts for the dissociation. TopKa a-CO2Hcompare the results with experiment or, more speciÐcally, to
arrive at the expected pKa shifts from experiment, one needs a
suitable reference system as above. Analogous to acetic acid,
methyl amine suggests itself as a reference system here. Cou-
lombic interaction between the charged terminals in a zwitter-
ion must favour the existence of the amino acid in the
zwitterion form and hence shift the of the amino terminalpKato a value greater than 10.6, which is the of methylpKaamine.79 Experimental for N-terminal dissociation of thepKasamino acids (Table 2) indicate a di†erent e†ect. The arepKasactually less than 10.6. Obviously methyl amine constitutes a
poor choice for the reference system. Another possible refer-
ence system is a-carbonyl substituted methyl amine75 for
which the is around 8.0. The estimated shifts withpKa pKathis reference system also deviate considerably from the
expected values but are better than those with methyl amine
as the reference. The good agreement that was noticed for the

dissociation is not paralleled by the groupwCO2H wNH3`
dissociation. A suitable reference system is not available for
the latter. An interesting feature of the experimental pKavalues is their spread. While the total spread among the 20
amino acids for the dissociation is only 0.6 units, it iswCO2H2.0 units for the dissociation. Thus, any single refer-wNH3`
ence system for the dissociation is bound to showwNH3`
large deviations between the calculated and expected values.

The shift calculations were also repeated with struc-pKatures corresponding to solvent conditions. The magnitude of
the calculated shifts is smaller by ca. 35% for thepKadissociation and the structures corresponding towCO2Hvacuum conditions give better results. For the disso-wNH3`ciation, on the other hand, solvent structures yield relatively
better results. Subsequently, these calculations were repeated
once again with the charge and radii parameters from the
CVFF force Ðeld instead of the formal charge model. For the

dissociation, the formal charge model, together withwCO2H

the structures minimized in vacuum, constitutes the best
model. For the dissociation also, the formal chargewNH3`
model with the structure in water yields better results in most
cases. This anomalous behaviour probably needs to be
explained on the basis of explicit solvent structure.80,81

These results, although calculated for independent amino
acids, are very signiÐcant in that they provide basic model
studies which can be extended to proteins and enzymes, to
appreciate contextual e†ects. The control of residual pKavalues may provide a way to regulate the behaviour of
charged residues at the active site of the enzymes, i.e. reactivity
of certain signiÐcant residues may be controlled by replacing
other groups, which increase or decrease the acidity via coup-
ling e†ects. A simple analytical theory in the TanfordÈ
Kirkwood style71 was employed earlier by Westheimer and
Shookho†72 to determine the charge separation in some
amino acids and peptides using the experimentally determined

shifts. The estimated distances of charge separation ofpKaglycine and alanine zwitterions were 4.05 and 3.85 TheÓ.70
true values are closer to 3.22 and 3.03 The currentÓ.25,70
work, though employing similar concepts, gives much more
precise results on electrostatic e†ects, indicating the strength
of the numerical technique involved.

Side chain solvation

In proteins, the zwitterionic character of amino acids is lost,
and hence a study of the side chain solvation energies
becomes important. The solvation energies for amino acid side
chains, calculated using di†erent force-Ðeld parameters via the
FDPB method are given in Tables 3 to 9. Experimental results
from dynamic vapour pressure distribution studies82,83 are
available for comparison. These studies of Wolfenden and co-
workers on the solvation energies of amino acids have been
reference points for several subsequent theoretical investiga-
tions. Though hydrophobic contributions have been included
for an e†ective comparison with experimental values, these
results are a reÑection of the importance of electrostatic con-
tribution to the total solvation free energy.

Overall, all the force Ðelds show good correlation between
the expected electrostatic contribution and the experimental
values yielding correlation coefficients above 0.99 in all cases,
making a choice of the “best Ï force Ðeld for modelling electro-
statics on a statistical basis difficult. This reiterates the
common experience that most of the force Ðelds work well
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Table 4 Solvation free energies of amino acid side chains with CHARMM parameters (in kcal mol~1)

molecule *Aelec(FDPB) *A
hÕ(Sa) a *Atot *Aexpt b error

ASN acetamide [11.42 2.06 [9.36 [9.70 ]0.34
CYS methylthiol [3.05 1.94 [1.11 [1.24 ]0.13
GLN propionamide [11.29 2.22 [9.07 [9.38 ]0.31
HID methylimidazole [14.06 2.24 [11.82 [10.27 [1.55
HIE methylimidazole [13.19 2.24 [11.15 [10.27 [0.88
SER methanol [8.59 1.86 [6.73 [5.06 [1.67
THR ethanol [8.77 2.03 [6.74 [4.88 [1.86
TRP methylindole [7.07 2.62 [4.45 [5.88 ]1.43
TYR p-cresol [8.77 2.53 [6.24 [6.11 [0.13
ARG N-propylguanidinium ion [82.83 2.50 [80.33
ASP acetate ion [82.29 2.02 [80.27 [80.65 ]0.38
GLU propionate ion [82.27 2.19 [80.08 [79.12 [0.96
HIP methylimidazolium ion [73.18 2.21 [70.97 [64.13 [6.84
LYS N-butyl ammonium ion [85.47 2.36 [83.11 [69.24 [13.87
ALA methane [0.29 1.78 1.49 1.94 [0.45
ILE butane [0.57 2.26 1.69 2.15 [0.46
LEU isobutane [0.52 2.25 1.73 2.28 [0.55
MET methyl ethyl sulÐde [1.16 2.29 1.13 [1.48 ]2.61
PHE toluene [2.00 2.42 0.42 [0.76 ]1.18
VAL propane [0.46 2.13 1.67 1.99 [0.32

mean unsigned error 1.89

b ref. 82, 29.a *A
hÕ\(0.004 92^0.000 61)Sa](1.059 23^0.177 07) ;

with amino acids and proteins. To help the Ðne-tuning exer-
cises in subsequent versions of the force Ðelds, we point out
some systems that show signiÐcant deviations. Our observ-
ations are of course limited by the accuracies of the hydropho-
bicity estimates based on the accessible surface area model,
especially when the electrostatic contributions are small. As
already indicated, the calculated electrostatic contributions
refer to Helmholtz energies, while the hydrophobicity esti-
mates and experimental solvation energies refer to the Gibbs
energies. The PV correction has been neglected in the electro-
static contributions when comparing the calculated solvation
energies with the experimental values. This is not expected to
alter qualitatively the conclusions on the relative performance
of the force Ðelds. Also a certain amount of error is always
associated with any molecular model and the numerical tech-
nique employed, although a conscious attempt has been made
to minimize such errors.

The calculated solvation energies of the non-polar amino
acids with the AMBER force-Ðeld parameters (Table 3) are
fairly accurate except for Met and Phe. The estimated electro-
static contributions for some polar and charged amino acid

side chains are in excess of the expected values based upon
experiment. Notable among these are the electrostatic contri-
butions of Asn, Gln, Hip and Lys. Also the electrostatic con-
tributions of Hid and Hie are quite di†erent though they are
expected to have the same solvation energies.

The unsigned errors in the calculated solvation energies are
much less with the CHARMM force-Ðeld parameters (Table
4), but here too the electrostatic contributions of Lys and Hip
are exaggerated while those of Met and Phe may be con-
sidered as underestimates. The other non-polar amino acids
have strong electrostatic contributions.

The ab initio-derived charges provide fairly accurate esti-
mates of the solvation energies (Table 5) of the non-polar
amino acids. Met and Phe are better modelled with these
charges. The electrostatic contributions for all the polar and
charged amino acids are overestimated. Here too Asn, Gln,
Hip and Lys have very large electrostatic contributions.

The electrostatics of charged amino acid side chains are
well modelled by the CVFF force-Ðeld parameters (Table 6).
Prominent among the results with these parameters are the
electrostatic contributions calculated for Hid and Hie, which

Table 5 Solvation free energies of amino acid side chains with ab initio-derived charges and AMBER radii (in kcal mol~1)

molecule *Aelec(FDPB) *A
hÕ(Sa) a *Atot *Aexpt b error

ASN acetamide [19.51 2.04 [17.47 [9.70 [7.77
CYS methylthiol [5.25 1.92 [3.33 [1.24 [2.09
GLN propionamide [19.94 2.20 [17.74 [9.38 [8.36
HID methylimidazole [14.34 2.25 [12.09 [10.27 [1.82
HIE methylimidazole [14.80 2.25 [12.55 [10.27 [2.28
SER methanol [8.76 1.83 [6.93 [5.06 [1.87
THR ethanol [9.33 2.02 [7.31 [4.88 [2.43
TRP methylindole [12.33 2.62 [9.71 [5.88 [3.83
TYR p-cresol [10.84 2.46 [8.38 [6.11 [2.27
ARG N-propylguanidinium ion [89.65 2.49 [87.16
ASP acetate ion [84.58 2.01 [82.57 [80.65 [1.92
GLU propionate ion [81.83 2.18 [79.65 [79.12 [0.53
HIP methylimidazolium ion [73.18 2.31 [70.87 [64.13 [6.74
LYS N-butyl ammonium ion [82.19 2.34 [79.85 [69.24 [10.61
ALA methane [0.35 1.79 1.44 1.94 [0.50
ILE butane [0.08 2.28 2.20 2.15 ]0.05
LEU isobutane [0.55 2.27 1.72 2.28 [0.56
MET methyl ethyl sulÐde [3.45 2.28 [1.17 [1.48 ]0.31
PHE toluene [3.04 2.42 [0.62 [0.76 ]0.14
VAL propane [0.11 2.14 2.03 1.99 ]0.04

mean unsigned error 2.85

b ref. 82, 29.a *A
hÕ\(0.004 83^0.000 61)Sa](1.044 31^0.179 94) ;
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Table 6 Solvation free energies of amino acid side chains with CVFF parameters (in kcal mol~1)

molecule *Aelec(FDPB) *A
hÕ(Sa) a *Atot *Aexpt b error

ASN acetamide [6.89 2.06 [4.83 [9.70 ]4.87
CYS methylthiol [1.53 1.92 0.39 [1.24 ]1.63
GLN propionamide [15.36 2.22 [13.14 [9.38 [3.76
HID methylimidazole [3.76 2.28 [1.48 [10.27 ]8.79
HIE methylimidazole [3.81 2.28 [1.53 [10.27 ]8.74
SER methanol [8.14 1.84 [6.30 [5.06 [1.24
THR ethanol [8.11 2.02 [6.09 [4.88 [1.21
TRP methylindole [3.72 2.63 [1.09 [5.88 ]4.79
TYR p-cresol [8.53 2.47 [6.06 [6.11 ]0.05
ARG N-propylguanidinium ion [67.41 2.54 [64.87
ASP acetate ion [85.45 2.01 [83.44 [80.65 [2.79
GLU propionate ion [84.38 2.18 [82.20 [79.12 [3.08
HIP methylimidazolium ion [63.85 2.28 [61.57 [64.13 ]2.56
LYS N-butyl ammonium ion [77.18 2.38 [74.80 [69.24 [5.56
ALA methane [0.21 1.79 1.58 1.94 [0.36
ILE butane [0.64 2.27 1.63 2.15 [0.52
LEU isobutane [0.57 2.26 1.69 2.28 [0.59
MET methyl ethyl sulÐde [0.53 2.30 1.77 [1.48 ]3.25
PHE toluene [1.61 2.44 0.83 [0.76 ]1.59
VAL propane [0.53 2.14 1.61 1.99 [0.38

mean unsigned error 2.93

b ref. 82, 29.a *A
hÕ\(0.004 81^0.000 61)Sa](1.076 76^0.177) ;

are highly underestimated. It is interesting to observe that
while the electrostatic contribution of Asn is underestimated,
that of Gln is overestimated. Met, Phe and Trp have smaller
electrostatic contributions relative to experiment. CVFF too
overestimates the electrostatics of non-polar amino acid side
chains. A new version of this force Ðeld, namely CFFÏ91, was
examined by Schmidt and Fine.61 The mean unsigned error
for the solvation energy of uncharged amino acids was report-
ed to be 0.3.

In comparison to the other force Ðelds discussed above, the
estimates of the electrostatic contributions for Lys and Hip
with GROMOS parameters (Table 7) are better, but Asp and
Glu show rather large electrostatic contributions. Unlike the
other force Ðelds these parameters underestimate the electro-
statics of all the polar amino acid side chains. The force Ðeld
prescribes no charges to the atoms in the non-polar amino
acids.

While the negatively charged amino acids are well modelled
with the OPLS parameters (Table 8), the positive side chains
namely Hip and Lys have overestimated electrostatic contri-
butions. Here too, the electrostatic contributions of polar side

chains are overemphasized. Trp and Phe should have larger
electrostatic contributions.

The PARSE parameter set has been developed by a scaling
of other charge and radii sets to predict the solvation energies
of amino acid side chains accurately (Table 9) and, as might
be expected, the results are in good accord with experiment in
relation to the other force-Ðeld parameters investigated here.

Net unsigned error in the calculated solvation energies is
the least with the PARSE parameters. Among the force Ðelds,
solvation energy calculations with CHARMM results in the
least unsigned errors. The solvation energies obtained with the
force Ðelds in increasing order of net unsigned error is as
follows

Overall : PARSE, CHARMM, GROMOS, OPLS, ab initio,
CVFF, AMBER
Polar : PARSED CFFÏ91, CHARMM, OPLS, GROMOS,
AMBER, ab initio, CVFF
Charged : PARSE, CVFF, GROMOS, ab initio, CHARMM,
OPLS, AMBER

Table 7 Solvation free energies of amino acid side chains with GROMOS parameters (in kcal mol~1)

molecule *Aelec(FDPB) *A
hÕ(Sa) a *Atot *Aexpt b error

ASN acetamide [7.27 2.06 [5.21 [9.70 ]4.49
CYS methylthiol [1.68 1.94 ]0.26 [1.24 ]0.98
GLN propionamide [7.06 2.23 [4.83 [9.38 ]4.55
HID methylimidazole [11.42 2.25 [9.17 [10.27 ]1.10
HIE methylimidazole [11.38 2.25 [9.13 [10.27 ]1.14
SER methanol [4.47 1.86 [2.67 [5.06 ]2.39
THR ethanol [4.12 2.03 [2.09 [4.88 ]2.79
TRP methylindole [5.73 2.63 [3.10 [5.88 ]2.78
TYR p-cresol [5.12 2.48 [2.64 [6.11 ]3.47
ARG N-propylguanidinium ion [60.51 2.57 [57.94
ASP acetate ion [89.20 1.96 [87.24 [80.65 [6.59
GLU propionate ion [87.92 2.14 [85.78 [79.12 [6.66
HIP methylimidazolium ion [68.19 2.25 [65.94 [64.13 [1.81
LYS N-butyl ammonium ion [74.62 2.43 [72.19 [69.24 [2.95
ALA methane 0.00 1.84 1.84 1.94 [0.10
ILE butane 0.00 2.37 2.37 2.15 ]0.22
LEU isobutane 0.00 2.36 2.36 2.28 ]0.08
MET methyl ethyl sulÐde 0.00 2.38 2.38 [1.48 ]3.86
PHE toluene 0.00 2.54 2.54 [0.76 ]3.30
VAL propane 0.00 2.22 2.22 1.99 ]0.23

mean unsigned error 2.60

b ref. 82, 29.a *A
hÕ\(0.004 83^0.000 60)Sa](1.043 04^0.179 04) ;
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Table 8 Solvation free energies of amino acid side chains with OPLS parameters (in kcal mol~1)

molecule *Aelec(FDPB) *A
hÕ(Sa) a *Atot *Aexpt b error

ASN acetamide [15.36 2.09 [13.27 [9.70 [3.57
CYS methylthiol [6.74 2.06 [4.68 [1.24 [3.44
GLN propionamide [15.43 2.24 [13.19 [9.38 [3.81
HID methylimidazole [10.31 2.30 [8.01 [10.27 ]2.26
SER methanol [9.09 1.87 [7.22 [5.06 [2.16
THR ethanol [9.07 2.03 [7.04 [4.88 [2.16
TRP methylindole [6.62 2.67 [3.95 [5.88 ]1.93
TYR p-cresol [8.88 2.51 [6.37 [6.11 [0.26
ARG N-propylguanidinium ion [82.18 2.54 [79.64
ASP acetate ion [82.48 2.06 [80.42 [80.65 ]0.23
GLU propionate ion [81.84 2.22 [79.62 [79.12 [0.50
HIP methylimidazolium ion [72.88 2.30 [70.58 [64.13 [6.45
LYS N-butyl ammonium ion [88.19 2.42 [85.77 [69.24 [16.53
ALA methane 0.00 1.80 1.80 1.94 [0.14
ILE butane 0.00 2.26 2.26 2.15 ]0.11
LEU isobutane 0.00 2.25 2.25 2.28 [0.03
MET methyl ethyl sulÐde [3.34 2.12 [1.22 [1.48 ]0.26
PHE toluene 0.00 2.44 2.44 [0.76 ]3.20
VAL propane 0.00 2.12 2.12 1.99 ]0.13

mean unsigned error 2.62

b ref. 82, 29.a *A
hÕ\(0.005 31^0.000 65)Sa](1.046 23^0.175 08) ;

Table 9 Solvation free energies of amino acid side chains with PARSE parameters (in kcal mol~1)

molecule *Aelec(FDPB) *A
hÕ(Sa) a *Atot *Aexpt b error

ASN acetamide [12.29 2.07 [10.22 [9.70 [0.52
CYS methylthiol [3.37 1.98 [1.39 [1.24 [0.15
GLN propionamide [12.02 2.23 [9.79 [9.38 [0.41
HID methylimidazole [12.84 2.26 [10.58 [10.27 [0.31
SER methanol [7.45 1.86 [5.59 [5.06 [0.53
THR ethanol [7.16 2.01 [5.15 [4.88 [0.27
TRP methylindole [8.76 2.63 [6.13 [5.88 [0.25
TYR p-cresol [8.91 2.47 [6.44 [6.11 [0.33
ARG N-propylguanidinium ion [69.45 2.54 [66.91
ASP acetate ion [83.14 2.02 [81.12 [80.65 [0.47
GLU propionate ion [81.84 2.08 [79.76 [79.12 [0.64
HIP methylimidazolium ion [66.99 2.29 [64.70 [64.13 [0.57
LYS N-butyl ammonium ion [73.49 2.42 [71.07 [69.24 [1.83
ALA methane 0.00 1.79 1.79 1.94 [0.15
ILE butane 0.00 2.26 2.26 2.15 ]0.11
LEU isobutane 0.00 2.25 2.25 2.28 [0.03
MET methyl ethyl sulÐde [3.77 2.11 [1.66 [1.48 [0.18
PHE toluene [3.24 2.40 [0.84 [0.76 [0.08
VAL propane 0.00 2.12 2.12 1.99 ]0.13

mean unsigned error 0.39

b ref. 82, 29.a *A
hÕ\(0.005 24^0.000 64)Sa](1.033 54^0.176 83) ;

Non-polar : PARSE, ab initio, AMBER, CFFÏ91, OPLS,
CHARMM, CVFF, GROMOS

The above force-Ðeld comparisons have two immediate
implications. First, the parameters for the “deviant Ï amino
acids can be Ðne-tuned in each force Ðeld. Secondly, the
method employed seems to slightly overestimate the electro-
statics in most cases. A higher solute relative permittivity
could be employed in the electrostatic contribution calcu-
lations as suggested by Antosiewicz et al.,60 for quantitative
results.

Conclusions
The electrostatic contribution to the solvation energies of
zwitterions of all the 20 amino acids has been calculated. The
results are consistent with the expectations based on a simple
analytical theory due to Onsager. Electrostatic coupling inter-
actions causing the shift of the group in all 20pKa CO2Hamino acid zwitterions have been studied with the ofpKaacetic acid as a reference, with satisfactory results. Electro-
static contributions to the transfer free energies of the side

chains were estimated with charges and radii from AMBER,
CHARMM, CVFF, GROMOS, OPLS, PARSE and an ab
initio-derived charge set. Unsigned errors in the calculated sol-
vation free energies are the least with the PARSE parameter
set, followed by the CHARMM force-Ðeld parameters. In
summary, the results are reÑective of the role of electrostatics
in solvation and ionization equilibria of amino acids and also
the power and utility of numerical procedures in evaluating
the thermodynamic properties of molecular systems.
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